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Chapter 1 
 
 
 
 
Introduction 
 
Day after day, man made pollution is becoming one of the biggest dangers for the 
future of the Earth. The burning of fossil fuel in road transport, heavy industry, or 
power plants produces nitrogen dioxide, NO2. Too much NO2 causes lung damage 
and respiratory problems. The gas is also a key ingredient for the production of 
ozone in the lower atmosphere, which is a main cause of urban air pollution, 
particularly in hot summers. The figure shows NO2 concentrations above Europe as 
measured in 2004 by SCIAMACHY on board the ENVISAT satellite. Clearly large 
concentrations are found in urban environments with column densities as high as 
5.1015 molecules/cm2. Within Europe particularly the Netherlands and the Po–valley 
in Northern Italy suffer from high NO2 concentrations. 
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SCIAMACHY – the SCanning Imaging Absorption spectroMeter for Atmospheric 
CHartographY (http://envisat.esa.int/instruments/sciamachy) – measures sun light 
after it has been reflected by the Earth. Spectral features observed in direct 
absorption are related to atmospheric trace gases and for this detailed spectroscopic 
information is needed. On a first glance, NO2 seems to be a rather simple molecule, 
at least from a spectroscopic point of view: three atoms that form a nearly symmetric 
top. But this is misleading and the analyses of electronic spectra in the near infrared 
and visible range have turned out to be very difficult [1.1–1.3]. Many spectral 
irregularities have been observed [1.1, 1.4]. These are attributed to vibronic coupling 
between the X 2A1 electronic ground state and the first electronically excited A 2B2 
state via the antisymmetric stretch coordinate of NO2 with b2 symmetry and the 
appearance of a conical intersection between these two electronic states at a rather 
low energy of roughly 10000 cm–1. As a consequence the electronic spectrum is very 
dense with substantially more transitions than one would expect for a triatomic 
molecule. So far only vibronational levels below and just above the conical 
intersection have been identified [1.1]; vibrational assignments are possible for 
energies roughly below 14000 cm–1 and above this value the spectra are described 
as vibronically chaotic by some authors [1.5, 1.6]. SCIAMACHY actually monitors 
electronic transitions around 400–425 nm (about 25000 cm–1) that actually have not 
been spectroscopically assigned. High resolution experiments as well as good 
molecular modelling are necessary to improve the understanding of the spectral 
features of NO2. This is the goal of the work described in this thesis. 
 
The approach we use to obtain additional information is to extend high resolution 
studies from the main isotope 16O14N16O to xOyNzO isotopologues, both with a 
symmetric (x = z) and asymmetric (x ≠ z) structure. These species will have different 
vibrational progressions – because of differences in mass – and a comparison of 
spectra of different isotopes is useful to come to rovibronic assignments. In addition, 
selection rules are different for symmetric and asymmetric configurations. Besides 
this pure fundamental interest in exploring the nuclear mass sensitivity of the non 
Born–Oppenheimer behaviour of the conical intersection, such a study is also of 
direct atmospheric relevance. The passage through the conical intersection is 
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expected to become more adiabatic upon isotopic substitution – all the isotopologues 
are heavier – which might cause a change of the spontaneous lifetime of the excited 
state. This may result in a mass dependent chemical reactivity. The resulting 
anomalous isotopic distribution in the atmosphere is known as mass independent 
effect (MIF) and has been observed for several atmospheric gases, such as 
nitrogen– and sulphur oxides and particularly ozone [1.7–1.9] that has C2v symmetry 
in its main isotopologue (16O3). In recent work it was proposed that MIF can be 
explained by the symmetry breaking due to an isotope substitution that corresponds 
to Cs symmetry [1.10, 1.11]. Similar effects are expected to take place upon isotope 
substitution in xOyNzO molecules. From an experimental point of view, however, high 
resolution studies of such isotopomers have not been feasible so far. This is 
unfortunate, as additional spectroscopic information is strongly needed to further 
characterize the role of NO2 in atmospheric reaction schemes, both as a buffer gas 
(ozone depletion), as a precursor (e.g. NO formation upon photodissociation) and as 
a reactive intermediate (e.g. in the formation of HONO and HNO3 that are precursors 
of acid rain). Without detailed spectroscopic information it will not be possible to 
search for isotopic trace gases: only the detection of strong transitions in wavelength 
areas that are free of interference with other trace gases will allow remote sensing. 
 
The focus of this thesis work, however, is on the spectroscopy of xOyNzO 
isotopologues. Accurate spectroscopic data provide information on the nature of the 
conical intersection and on symmetry dependent vibronic coupling schemes. The 
measurements that are presented in this thesis aim at improving our fundamental 
insights in the molecular physical processes that are responsible for the complicated 
spectroscopic features of NO2. 
 
In Fig. 1.2 a schematic of the intersection of the potential surfaces in the plane of the 
bending coordinate is shown. 
 
So far assignments of about 300 vibronic levels of 14N16O2 between zero and  
12000 cm–1 have been reported [1.12]. Most of these levels have dominant X 2A1 
ground state  character.  For  higher energies  identifications  are  still ambiguous:  as  
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Figure 1.2: Potential energy surfaces of NO2 as a function of the bond angle (rNO = Re). 
The two lowest electronic states are mainly responsible for the visible absorption 
spectrum of NO2. The spectroscopic range covered in this thesis is indicated in the figure 
with rectangles, the light rectangle for 16O15N16O and the dark rectangle for 16O14N16O, 
18O14N16O and 18O14N18O. 
 
stated before, above 16500 cm–1 the nature of the spectra is essentially vibronically 
chaotic and one may expect that additional spectroscopic information from isotopic 
species with substantially different vibrational progressions will be interesting for a 
comparison. How, for instance, will the spectrum be affected in the asymmetrically 
substituted isotopologue, where the density of vibronic bright states is about twice 
that of the C2v isotopologues? Also, a comparison of different isotopologues can be 
an important assignment tool: vibronic bands that show strong interactions between 
the lowest two diabatic electronic states in one isotopologue may well be nearly 
unperturbed in another one.  
 
The main isotopologue 16O14N16O has been the topic of detailed spectroscopic 
studies. The earlier studies were done by microwave and infrared spectroscopy to 
determine accurate ground state spectroscopic constants. The first spectroscopic 
results date back to the fifties of the last century. Arakawa and Nielsen [1.13] 
published in 1958 their infrared spectra of 14N16O2 (together with spectra of 15N16O2). 
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From these spectra they determined rotational constants in the vibrationless ground 
level of the electronic ground state and for several other vibrational levels. These 
results were greatly improved in 1964 by Bird et al. [1.14]. From the microwave 
spectra of different isotopic species of NO2 they obtained accurate rotational 
constants, spin–rotation coupling constants and force constants of the NO2 molecule. 
In 1982 Bowman and De Lucia [1.15] improved the constants of the vibrational 
ground state by new microwave measurements and in 2000 Liu et al. [1.16] 
presented their analysis of pure rotational spectra of the (0,0,0) vibrational state of 
the electronic ground state with new improved constants. 
Detailed information, like band origin, rotational constants and fine structure 
constants, on the lowest excited vibrational levels (both fundamental and 
combination bands) have been presented since the seventies when several groups 
started infrared measurements. Cabana, Laurin and coworkers have studied the ν2 
and 2ν1 bands [1.17], the ν3 and ν2+ν3–ν2 bands [1.18] and the ν1 bands [1.19], 
Lafferty and Sams [1.20] 2ν2+ν3 and ν1+ν2+ν3. Starting in the early eighties Flaud, 
Camy–Peyret, Perrin and coworkers presented new and improved results of the 
lowest vibrational bands: ν3 and ν2 + ν3 – ν2 [1.21], ν2 [1.22], ν1, 2ν2 and ν3 [1.23], 
ν2 and 2ν2 – ν2 [1.24] and 3ν3 and 2ν1 – ν2 [1.25]. 
In the same decade (1975) Smalley, Wharton and Levy [1.26] were the first to 
present a rotational and vibrational analysis of the visible part of the 14N16O2 
spectrum. They applied rotational cooling in a supersonic jet to study the visible 
absorption spectrum of NO2. The result was a drastically reduced complexity of the 
rotational structure, compared to the room temperature spectrum, which made an 
analysis of vibronic bands in the 14880 – 17518 cm–1 range possible. The energy 
range of the excitation spectrum of NO2 was extended by Persch et al. [1.27] in 1988. 
They found 407 vibronic bands in the energy range from 12117 to 24563 cm–1. 
More recent sets of detailed and extensive spectroscopic constants of electronic 
transitions of the main isotope, 16O14N16O, have been reported in the nineties, 
particularly by Jost and coworkers. Vibrational levels up to 11800 cm–1 have been 
reported by Delon and Jost in 1991 [1.28]. They employed laser induced dispersed 
fluorescence spectroscopy (LIDFS) starting from 11 different vibronic upper levels. 
This resulted in a complete set of 191 vibrational levels up to 10000 cm–1 and an 
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additional 68 vibrational levels in the region of 10000 – 11800 cm–1. These levels 
have been vibronically labelled and a Dunham expansion with 24 parameters has 
been used to fit all vibrational levels up to 9670 cm–1. Several years later, in 1998, 
Kirmse et al. [1.12] extended the work of Delon and Jost with new LIDFS 
measurements up to 13820 cm–1. They managed to observe 160 new vibrational 
levels, starting from 15 different excitation levels and labelled 275 levels up to  
11700 cm–1. An improved Dunham expansion with 23 parameters reproduced all 
observed levels. The LIDFS technique has the advantage that band origins of all 
levels, i.e. both a1 and b2 symmetry, can be obtained, whereas in direct absorption 
experiments only transitions to levels with b2 symmetry are allowed. A drawback of 
LIDFS is that only a few rotational lines are observed, which makes it substantially 
more difficult to determine rotational constants with high precision, and due to the 
limited resolution the fine structure constants cannot be determined at all. 
Other and overlapping frequency regions have been studied in detail in  
direct absorption applying intra cavity laser absorption spectroscopy, ICLAS  
(11200–16150 cm–1) [1.29] and in laser induced fluorescence (LIF) studies; 11680–
13900 cm–1 [1.30], 16300–18502 cm–1 [1.31], and 16000–19630 cm–1 [1.5]. The most 
recent study covers 11800–14380 cm–1 and is part of Chapter 5 of this thesis [1.32]. 
Georges et al. [1.29] combined the high sensitivity of ICLAS with slit jet cooled 
molecules in order to observe weak NO2 transitions in the near–IR region. About  
175 cold bands have been observed with a dynamical range of the vibronic band 
intensities of 1000. Comparison with the calculated density of states shows that 
about 65% of the expected levels in this energetic region is observed. In order to deal 
with the strong rovibronic interactions, Georges et al. used ‘local rotational constants’ 
(B13 for spacing between N’=1 and N’=3, B35 for spacing between N’=3 and N’=5 and 
B57 for spacing between N’=5 and N’=7) and also fine structure splittings have been 
specified for each rotational level. The LIF study by Delon and Jost [1.30] added  
17 bands to the ICLAS study and provided averaged values for the rotational and fine 
structure constants. In the energy range from 16000 to 19360 cm–1 about 96% of all 
2B2 levels is observed [1.5] and both band origins and intensities have been given. 
This spectroscopic work is an extension of an earlier study [1.31]. 
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In contrast to the main isotopologue nearly no spectroscopic information is available 
for the minor isotopologues. The research has mainly been limited to the lowest 
vibrational levels in the electronic ground state with the aim to determine accurate 
ground state parameters. So far, particularly 16O15N16O has been the topic of a 
number of studies. The first results date back to the fifties of the previous century and 
have been obtained in direct absorption using cell absorption spectroscopy. The first 
accurate IR data became available from work of Weston [1.33] and Arakawa and 
Nielsen [1.13]. They provided an overview of a number of vibrational bands and 
corresponding force constants and Dunham parameters for the lowest part of the 
electronic ground state. More accurate constants have been obtained from 
microwave work by Bird et al. [1.14]. In this work 69 microwave absorption lines of 
three different isotopologues have been recorded, providing accurate molecular 
constants, not only for 14N16O2 and 15N16O2, but also for the mixed (Cs) 16O14N18O 
isotopologue. This resulted in an accurate set of rotational constants and spin–
rotation coupling parameters of the (0,0,0) vibrational state in the ground electronic 
state. More studies on mixed species are available from Curl and coworkers [1.34], 
extending molecular parameters also to 16O14N17O [1.35]. Additional high resolution 
near–infrared spectra have been recorded by Hause and coworkers [1.36–1.38] who 
improved rotational constants for five low–lying electronic ground state levels and 
derived accurate Dunham parameters for this energy range region. In the late 
seventies Brand and coworkers [1.39, 1.40] applied LIDFS, yielding more than 30 
and 13 low–lying vibrational levels in the electronic ground state for 15N16O2 and 
14N18O2, respectively. They compared the experimentally determined band origins 
with Dunham based calculated values [1.41]. The resulting Dunham parameters are 
not very valuable in the vibronic study of the NO2 molecule, as these only describe 
the energetic dependence of the lowest vibrational levels. The strong interaction as 
found around and above the conical intersection, is not taken into account. 
In the eighties Tanaka, Hamada and co–workers further improved the spectroscopic 
constants of 15N16O2. Measurements in the microwave region [1.42], far infrared 
[1.43, 1.44], and infrared [1.45] using direct absorption spectroscopy in a cell resulted 
in improved values for the rotational constants, (hyper)fine constants and centrifugal 
distortion constants for (υ1, υ2, υ3) = (0,0,0), (0,1,0), (0,0,1) and (1,0,1) vibrational 
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levels in the electronic ground state. More recently Orphal et al. [1.46] applied Fourier 
Transform Spectroscopy around 6.3 µm, using a coupling Hamiltonian for the (0,2,0), 
(1,0,0) and (0,0,1) states. Band origins, rotational constants and spin–rotation 
constants have been determined with an improved precision. In a very recent study 
the dissociation energies of six isotopologues – 16O14N16O, 18O14N16O, 18O14N18O, 
16O15N16O, 18O15N16O, 18O15N18O – have been determined by Michalski et al. [1.47]. 
The outcome of this work has been used to experimentally determine a common De 
of 26051.17 ± 0.70 cm–1. The work described in this thesis is complimentary to these 
previous studies and contains spectroscopic information about (part of) the energy 
range between the lowest vibrational levels and the dissociation limit. 
 
This thesis is organized in the following way. In Chapter 2 an overview of the 
spectroscopic structure and properties of the NO2 isotopologues is given. The 
available and relevant spectroscopic parameters for the various isotopologues are 
summarized and the spectroscopic treatment for symmetric and asymmetric species 
is discussed in detail. In Chapter 3 the experimental setup is described in detail and 
its performance is demonstrated on electronic spectra of different 15N16O2 bands. In 
Chapter 4 a detailed spectroscopic survey of A 2B2 – X 2A1 bands in the 14300 –
18000 cm–1 region is presented for the symmetric 15N16O2 isotopologue. In Chapter 5 
the spectroscopic analysis of 16O14N18O and 14N18O2 spectra in the 11800 – 14380 
cm–1 region are presented. The thesis finishes with an outlook based upon new  
partly assigned spectra recorded in the 415–440 nm region that can be used as a 
starting point for further light dispersed fluorescence spectroscopy. 
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Chapter 2 
 
 
 
 
Spectroscopic considerations of symmetric 
and asymmetric NO2 isotopologues 
 
The visible and near infrared absorption spectrum of jet–cooled NO2 consists of a 
remarkably large number of rovibronic bands. These bands correspond to transitions 
starting from one of the four lowest vibrational levels in the X 2A1a electronic ground 
state to rovibrationally highly excited levels and gain intensity because of interaction 
of these levels with vibrational levels in the first electronically excited state with A 2B2a 
symmetry. This chapter gives an overview of the spectroscopic considerations and 
selection rules that determine the spectral features, both for symmetric (x=z) and 
asymmetric (x≠z) xOyNzO. The ground state parameters are summarized and as all 
spectra have been rotationally resolved, an accurate description of the rovibrational 
analysis is presented. This analysis includes fine structure splittings. 
 
                                                 
a X 2A’ en A 2A’ for the asymmetric case. 
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2.1. Introduction 
The main isotopologue of NO2 is 14N16O2. The natural abundancies of the two stable 
N isotopes, 14N and 15N, are 99.63 and 0.37%, respectively. For the three stable  
O atoms, 16O, 17O, and 18O, the abundancies are 99.759, 0.037, and 0.204%, 
respectively. A change of mass in one of the atoms changes the internal energetic 
properties of the molecule although the electronic structure remains identical. In this 
thesis, the 17O isotope will be ignored, because of its very low natural abundance, 
and only isotopologues 14N16O2, 15N16O2, 16O14N18O and 14N18O2 are described. 
 
The starting point for the description of the spectroscopic properties of NO2 is the 
Hamiltonian for the internal energy 
 
fsrotvibelec HHHHH +++=int , (2.1) 
 
where Helec, Hvib and Hrot describe the electronic, vibrational and rotational motion, 
respectively, and Hfs describes the spin effects. A change of mass by the introduction 
of isotopes in the molecule directly influences the vibrational and rotational properties 
of the molecule, while the electronic properties remain unchanged. The Born–
Oppenheimer approximation assumes decoupling of the electronic, vibrational and 
rotational motion of the molecule and makes it possible to treat all parts of the 
Hamiltonian independently. In the next paragraphs the individual contributions are 
discussed with specific reference to different isotopic configurations. 
 
2.2. Electronic configuration and symmetry 
The NO2 molecule has a total number of 23 electrons, independent of the 
isotopologue. This odd number of electrons means that NO2 always has at least one 
unpaired valence electron and consequently, the spectra will exhibit open shell 
(radical) features. 
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In the symmetric isotopologues (C2v) the electrons are distributed over the highest 
occupied molecular orbitals in the following way [2.1–2.4]: 
 
X 2A1 …(1b1)2(1a2)2(4b2)2(6a1)1, 
A 2B2 …(1b1)2(1a2)2(4b2)1(6a1)2, 
B 2B1 …(1b1)2(1a2)2(4b2)2(2b1)1. 
 
The lower molecular orbitals (1a1)2(1b2)2(2a1)2(3a1)2(2b2)2(4a1)2(5a1)2(3b2)2 are 
common to all states, but the energy order of the orbital sequence shows minor 
differences [2.1, 2.4]. 
 
For asymmetric (Cs) geometries, the 2A1 and 2B2 both become 2A’ states and the 2B1 
state becomes a 2A” state. The distribution of electrons is identical to C2v 
conformations and the only difference is found in the labelling of the molecular 
orbitals [2.2, 2.3]: 
 
X 2A’ …(1a”)2(2a”)2(9a’)2(10a’)1, 
A 2A’ …(1a”)2(2a”)2(9a’)1(10a’)2, 
B 2A” …(1a”)2(2a”)2(9a’)2(3a”)1, 
 
with again the lower molecular orbitals (1a’)2(2a’)2(3a’)2(4a’)2(5a’)2(6a’)2(7a’)2(8a’)2 
common to all states. (The C2v labelling will be used throughout this thesis for both 
symmetric and asymmetric isotopologues, for simplicity.) 
 
The values for the equilibrium bond length (Re), equilibrium bond angle (αe) and 
energy difference with the global minimum (Te) of the lowest electronic states of NO2 
(see Fig. 2.1) have been determined in many studies [2.1, 2.3–2.7] with, sometimes 
widely, varying values. The equilibrium bond angle in the electronic ground state is 
reported around αe (X 2A1) = 134°. The corresponding equilibrium bond length is Re 
(X 2A1) ≈ 1.20 Å. For the first electronically excited state several theoretical values of 
Te (A 2B2), ranging from 7662 to 12412 cm–1, have been reported in literature. 
Experimental results [2.8] indicate that Te (A 2B2) ≈ 10210 cm–1. The equilibrium bond 
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angle and bond length are found to be αe (A 2B2) ≈ 102° and Re (A 2B2) ≈ 1.28 Å. In 
the second electronically excited state (Te (B 2B1) ≈ 13390 cm–1) the NO2 molecule 
has a linear equilibrium geometry (αe (B 2B1) = 180°) with a bond length Re (B 2B1) ≈ 
1.20 Å. 
 
 
 
Figure 2.1: Potential energy surface of the three lowest electronic states of NO2 along 
the bending coordinate (rNO = Re). The surface is symmetric around a bond angle of 180°. 
The conical intersection between the X 2A1 and the A 2B2 state occurs at 10760 cm–1, i.e. 
above the minimum of the A 2B2 well, but below the A 2B2 lowest vibrational energy level. 
 
The potential energy surface of the X 2A1 state intersects the potential energy surface 
of the A 2B2 state just above the minimum of this state (Fig 2.1). The conical 
intersection is calculated and found to occur around 400–700 cm–1 above Te (A 2B2) 
with α ≈ 107.4° and rNO ≈ 1.27 Å [2.5, 2.9]. The influence of the conical intersection 
on the visible spectrum of NO2 is substantial as it influences all vibrational levels 
higher in energy and is also the cause of the irregularities in the spectrum. 
 
2.3. Vibration and symmetry 
As a non–linear triatomic molecule, the NO2 molecule has three fundamental 
vibrational modes. The three normal modes in the electronic ground state are: the 
symmetric stretch, symmetric bend and antisymmetric stretch (Fig. 2.2). 
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Figure 2.2: The normal modes of NO2: symmetric stretch (Q1), symmetric bend (Q2) and 
antisymmetric stretch (Q3).  
 
The frequencies of the normal modes in the electronic ground state are different for 
all isotopologues, since they depend on the masses of the atoms. In table 2.1 the 
most accurate values – as currently available – are listed, together with the 
representations of the three normal modes. 
 
Table 2.1: Normal mode frequencies for the isotopologues of interest and symmetry 
representations for the symmetric and asymmetric isotopologues [2.10]. All values are in 
[cm–1]. 
 16O14N16O 16O15N16O 18O14N18O 
Represent. 
C2v. 
18O14N16O 
Represent. 
Cs 
Q1 1347.53 1332.57 1297.29 a1 1321.22 a’ 
Q2 758.64 749.20 730.11 a1 744.63 a’ 
Q3 1669.02 1632.07 1637.08 b2 1654.22 a’ 
 
Although the equilibrium geometry of the two lowest electronic states, X 2A1 and  
A 2B2 is comparable (the most important difference concerns the different bond angle 
of 134° and 102°), the energy values of the normal modes of the first electronically 
excited state A 2B2 of 16O14N16O undergo a remarkable change with respect to the 
electronic ground state [2.8]. The two symmetric vibrations have values  
(ω1 ≈ 1265 cm–1 and ω2 ≈ 738 cm–1) close to the values of the X 2A1 state, while the 
antisymmetric stretch has a value of ω3 ≈ 775 cm–1, which is about half of the value in 
the electronic ground state. 
 
In the particular case of the symmetric isotopologues (C2v) Q1 and Q2 both belong to 
the a1 symmetry representation, and therefore the vibrational symmetry depends only 
on the antisymmetric stretch vibration Q3. The vibrational symmetry is given by 
 
( ) [ ] 322 υbC vvib =Γ  (2.2) 
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with υ3 the number of quanta in the antisymmetric stretch vibration. 
For the asymmetric isotopologues (Cs) the vibrational symmetry is always a’: 
 
( ) 'aCsvib =Γ . (2.3) 
 
2.4. Rotation and symmetry 
The starting point for the calculation of the rotational energy levels is the rigid rotor 
Hamiltonian: 
 
222
cbarot CNBNANH ++=  (2.4) 
 
with A, B and C the rotational constants, corresponding to the inverse moments of 
inertia about the principal axes a, b and c of the inertia tensor. The rotational angular 
momentum is denoted by N. By convention, the rotational constants are chosen to 
follow A ≥ B ≥ C. If A > B and B = C, one has a prolate symmetric top; if A = B and  
B > C, the top is symmetric and oblate. The rotational energies of the prolate 
symmetric top are given by 
 
( ) ( ) 2 1 −−++=− KBANBNENK  (2.5) 
 
where N and K– are rotational quantum number associated with N, and with the 
projection of N on the a–axis, respectively. Similarly, for the oblate top 
 
( ) ( ) 2 1 +−++=+ KBCNBNENK  (2.6) 
 
where K+ is associated with the projection of N on the c–axis. 
For an asymmetric top is A ≠ B ≠ C, but NO2 is a near prolate top, since the rotational 
constants B and C are almost equal. The asymmetry parameter 
 
CA
CAB
−
−−=κ 2  (2.7) 
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characterizes the deviation from symmetry of a rotor. The parameter κ ranges from  
–1 (pure prolate top) to +1 (pure oblate top) and the result for ground state 14N16O2 is 
κ = –0.994. For the other isotopologues described in this thesis κ ranges from –0.993 
to –0.995. The rotational Hamiltonian is rewritten as: 
 ( )  
422
2222 −+ +−+⎟⎠
⎞⎜⎝
⎛ +−++= NNCBNCBACBH aasym N , (2.8) 
 
where N+ and N– are the ladder operators given by 
 
cb iNNN ±=± . (2.9) 
 
From the last term of this formula it can be seen that there is a coupling between 
states with ∆K=±2 and therefore K is actually no longer a good quantum number. Of 
course, the eigenfunctions can be written as linear combinations of either the prolate 
or the oblate top eigenfunctions. The energy levels of the prolate and oblate 
symmetric tops are correlated in a well–defined way. This correlation is often used to 
denote the levels of an asymmetric top by NK–K+, where K– and K+ are the K quantum 
numbers of the prolate and oblate levels with which the asymmetric level of interest 
correlates. Throughout this thesis prolate top labelling has been used since the 
effects of the asymmetry are very small. 
 
The rotational energies of a nearly prolate asymmetric top molecule are given by the 
series expansion [2.11] 
 
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⎟⎠
⎞⎜⎝
⎛
−−
−+×⎟⎠
⎞⎜⎝
⎛ +−+++= ∑
m
m
masym CBA
BCCKCBANNCBE
2
_
2
1
2
2  (2.10) 
 
where K– is the prolate top quantum number, and K– and Cm are the coefficients of 
the series expansion (C1 to C5 , depending on the particular value of N, K– and K+, 
are listed in Appendix III of Ref. [2.11]). 
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Accurate rotational constants of the ground state (υ1,υ2,υ3) = (0,0,0) (υk is number of 
quanta in vibrational mode k) are available for 16O14N16O, 16O15N16O and 18O14N16O 
both from experiment and theory for 18O14N18O. Hot band constants have been 
measured for 16O14N16O and 16O15N16O and calculated for 18O14N18O, whereas for 
18O14N16O only estimates are available. All values with corresponding references are 
summarized in Table 2.2. 
 
Table 2.2: Overview of the rovibrational constants for the ground states (0,0,0) and 
(0,υ2,0) and (υ1,0,0) of different xOyNzO isotopologues used or derived in this thesis. All 
values are in [cm–1]. 
 νbo A'' B'' C'' εaa'' εbb'' εcc'' Ref. 
16O14N16O         
(0,0,0) 0 8.0024 0.4337 0.4105 0.1803 0.0003 –0.0032 [2.12] 
(0,1,0) 749.65 8.3741 0.4336 0.4096 0.1986 0.0002 –0.0032 [2.13] 
(1,0,0) 1319.77 8.0933 0.4313 0.4093 0.1834 0.0002 –0.0033 [2.14] 
         
16O15N16O         
(0,0,0) 0 7.6308 0.4338 0.4095 0.1724 0.0004 –0.0030 [2.15] 
(0,1,0) 739.95 7.9843 0.4337 0.4087 0.1902 0.0004 –0.0031 [2.16] 
(1,0,0) 1306.50 7.6993 0.4314 0.4088 0.1754 0.0004 –0.0032 [2.17] 
(0,2,0) 1479.01 8.3740 0.4322 0.4090 0.2115 0.0003 –0.0032 [2.17] 
         
18O14N18O         
(0,0,0) 0 7.7217 0.3855 0.3664 – – – [2.18] 
(0,1,0) 722.9 8.0543 0.3854 0.3657 – – – [2.18] 
         
18O14N16O         
(0,0,0) 0 7.8656 0.4091 0.3880 0.1777 0.0003 –0.0030 [2.19] 
(0,1,0) 736.4 – 0.409 0.388 – – – This work 
 
For the determination of the symmetry representation of the rotational wavefunctions, 
it is convenient to write the rotational wavefunctions as linear combinations of the 
symmetric top wavefunctions, 
 [ ]  
2
1 KMNNKMNKM −±= .  (2.11) 
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By the introduction of an extra parameter s the rotational wavefunction can be written 
as 
 
( )[ ] 1 
2
1 KMNNKMNKMs s −−+= , (2.12) 
 
with s=0,1 and for K=0 
 
MNMsN 00 = . (2.13) 
 
The eigenfunctions (and the corresponding energy levels) are classified according to 
the molecular rotation group D2. The result of the D2 operations on the wavefunctions 
is given in Tab. 2.3. Using this result together with the D2 point group in Tab. 2.4 
makes it possible to determine the symmetry representation for each set of quantum 
numbers. 
 
Table 2.3: The D2 operations for a molecule in body fixed coordinates, prolate top and 
oblate top. 
Body fixed coordinates E C2(x) C2(y) C2(z) 
Prolate top E C2(b) C2(c) C2(a) 
Oblate top E C2(a) C2(b) C2(c) 
NKMs  1 (–1)N+s (–1)N+K+s (–1)K 
 
Table 2.4: The D2 point group. 
D2 E C2(a) C2(b) C2(c) 
A 1 1 1 1 
Ba 1 1 –1 –1 
Bb 1 –1 1 –1 
Bc 1 –1 –1 1 
 
The symmetry representation of the asymmetric top rotational wavefunctions is 
determined by N, K and s of the chosen symmetric top basis functions. The 
correlation of prolate and oblate top functions makes it possible to determine the 
representation on the K– and K+ labels of the state only. The results that are derived 
by combining Tables 2.3 and 2.4 are given in Table 2.5 [2.20, 2.21]. 
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Table 2.5: The symmetry representations of the rotational wavefunctions of NO2 depends 
on the combination of even (e) and odd (o) values for the limiting prolate and oblate top 
quantum numbers K– and K+. 
D2 K– K+ Γrot(C2v) Γrot(Cs) 
A E e A1 A’ 
Ba E o B1 A” 
Bb O o A2 A” 
Bc O e B2 A’ 
 
2.5. Electronic and nuclear spin effects. 
The smallest energetic contributions in NO2 are caused by the spin effects and are 
divided into three parts. The coupling of the electronic spin with the molecular 
rotation causes a fine structure splitting in the spectra of NO2 that is discussed in 
more detail below. The couplings of nuclear spin with rotation and nuclear spin with 
electronic spin cause a hyperfine structure splitting. These contributions are a result 
of the fact that both 14N and 15N contain a non–zero nuclear spin (Table 2.6). 
 
Table 2.6: Nuclear spin of all N and O isotopes. 
Isotope Nuclear spin 
14N 1 
15N 1/2 
16O 0 
17O 5/2 
18O 0 
 
The main contribution of the hyperfine splitting is caused by the coupling of nuclear 
spin and electronic spin. This magnetic hyperfine structure [2.11] is a result of non–
zero electronic spin density on a nucleus with non–zero nuclear spin and therefore is 
different for each electronic state in NO2. In the X 2A1 electronic state the electron 
density of the unpaired electron is divided over both oxygen atoms, while in the A 2B2 
state the electron density of the unpaired electron is completely located on the 
nitrogen atom. The consequence for the isotopologues in this thesis is that the main 
contribution to the magnetic hyperfine structure, the Fermi coupling, is absent in the 
X 2A1 state, while present in the A 2B2 state. For isotopologues with at least one 17O 
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present, the X 2A1 state has also non–zero magnetic hyperfine structure. A previous 
bolometric study of Biesheuvel at the Vrije Universiteit [2.22–2.24], focused on this 
effect and the contribution of the X 2A1 and A 2B2 states in the electronic character of 
several vibronic levels was determined. A study of the hyperfine structure is, 
however, beyond the scope of this thesis, because the energetic contribution is too 
small to resolve within our experimental conditions. The focus in this study will be on 
fine structure coupling. 
 
The fine structure, caused by the coupling of the magnetic moment of the electronic 
spin and the magnetic moment of the rotation, is given by an effective Hamiltonian 
[2.25, 2.26]: 
 ( )∑ +ε= ij ijjiijSR NSSNH 21 . (2.14) 
 
The resulting energy levels for an asymmetric top are given by 
 ( ) ( ) ( )[ ]11121 +−+−+ε= SSNNJJE NSR . (2.15) 
 
where, for the NO2 molecule, εN can be written in terms of diagonal tensor elements 
only (Eq. 6 of Ref. [2.25], with x=c, y=b and z=a) 
 
( ) ( )( ) ( )ccbbKccbbaaccbbN KNN εεδ
εεεεεε −±+
+−++= 1,4122
1
2
1
1
. (2.16) 
 
In the last term the + and – sign correspond to the symmetric ( 0NKMNKMs = ) 
and antisymmetric ( 1NKMNKMs = ) combination of symmetric top functions, 
respectively, and δ|K|,1 is the Kronecker delta which is equal to zero unless |K|=1, for 
which it is unity. For K=0 Eq. 2.16 reduces to 
 ( )ccbbN ε+ε=ε 21 . (2.17) 
The off–diagonal contributions (HSR)N–1,N and (HSR)N,N+1 are often small enough to be 
disregarded [2.27, 2.28]. According to Eq. 2.14 each rotational level is split into two 
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levels, with J = N + ½ and J = N – ½, leading to respective energy shifts of ½NεN and 
–½(N+1)εN (for K=0). 
 
The accurate values of the fine structure constants ε"aa, ε"bb, and ε"cc for the ground 
state (0,0,0) are available from literature for 16O14N16O, 16O15N16O and 18O14N16O. 
Fine structure hot band values for 16O14N16O and 16O15N16O are also available [2.12–
2.19]. All these constants are listed together with the rotational constants in Table 
2.2. The fine structure constants of 18O14N18O and of the hot band of 18O14N16O are 
not available, the values for the other isotopologues indicates a rough approximation 
ε"aa = 0.18 cm–1, ε"bb = 0.0003 cm–1, and ε"cc = –0.003 cm–1. 
 
For completeness it is mentioned that the symmetry representations of the electron 
spin functions are totally symmetric [2.21] i.e. ( ) 12 aC ves =Γ  and ( ) 'aCses =Γ . 
 
2.6. Application to spectra 
In the previous sections all parts of the Hamiltonian including the symmetry 
representation of the wavefunctions have been treated. The next step is to use all 
considerations to construct a theoretical spectrum of NO2 (both C2v and Cs) and to 
show the characteristics of the spectra and the possible difficulties in the rotational 
analysis. The first step is the derivation of the total symmetry of the wavefunction, 
after which the transition dipole moment will be analysed to construct a straight 
forward spectrum. 
 
2.6.1. Symmetry of the total wave function 
Considering the symmetry of the total wavefunction of C2v NO2, the symmetric 
isotopologues 16O14N16O, 16O15N16O and 18O14N18O have one important feature in 
common: both oxygen atoms are bosons, since they have no nuclear spin. From the 
Pauli principle follows that the total wavefunction is symmetric with respect of the 
interchange of two bosons, 
 
( ) Ψ=Ψ12 , (2.18) 
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and from the C2v point group (Table 2.7) it can be derived that the total symmetry of 
the wavefunction has to be A1 or A2. With the use of this restriction and the symmetry 
information of the previous section in 
 
serotvibelec Γ⊗Γ⊗Γ⊗Γ=Γ  (2.19) 
 
a complete table is constructed with the overall symmetries of the rovibronic states of 
NO2 belonging to the C2v point group (Table 2.8). The most important result from 
Table 2.8 with respect to the spectra is the fact that in the electronic and vibrational 
ground state for K–=0 only even N–levels are allowed and for higher values of K– only 
half of the rotational levels is allowed (see Fig. 2.3). In the excited states only odd N–
levels are allowed for K–=0 and for higher values of K– also only half of the rotational 
levels is allowed. 
 
Table 2.7: The C2v point group. 
C2v E C2(a) C2(b) C2(c) 
A1 1 1 1 1 
A2 1 1 –1 –1 
B1 1 –1 1 –1 
B2 1 –1 –1 1 
 
Table 2.8: Rovibronic symmetries of NO2 molecules belonging to the C2v and Cs point 
groups in the electronic ground state and the first electronically excited state. 
  C2v Cs 
electronic  2A1 2B2 2A’ 
even odd even odd all 
vibrational υ3 
a1 b2 a1 b2 a’ 
rotational K– K+     
 even even a1 / a’ A1 – – A2 A' 
 odd odd a2 / a” A2 – – A1 A" 
 even odd b1 / a” – A2 A1 – A" 
 
 
odd even b2 / a’ – A1 A2 – A' 
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With respect to the Cs isotopologues of NO2 both a1 and b2 representations become 
a’ and both a2 and b1 become a”. The result (Table 2.8) is a case in which all 
rotational levels are allowed. 
 
2.6.2. Symmetry allowed transitions 
For electronically allowed transitions in NO2, the symmetry representations of the 
initial and final electronic wavefunctions and the transition dipole moment must obey 
[2.21]: 
 
( ) ( ) ( ) 1Aielecqfelec =ΨΓ⊗µΓ⊗ΨΓ . (2.20) 
 
As a consequence, the symmetry representation of the final wavefunction and the 
transition dipole moment transitions must be identical for transitions starting from the 
electronic ground state X 2A1: 
 
( ) ( )qfelec µΓ=ΨΓ  (2.21) 
 
and consequently the following transitions are expected: 
1. A transition dipole moment parallel to the molecular a–axis makes transitions to 
electronic states with B2 symmetry possible, e.g. the first electronically excited 
state A 2B2 ( ( ) ( ) 2Bbfelec =µΓ=ΨΓ ). 
2. A transition dipole moment parallel to the molecular b–axis makes transitions to 
electronic states with A1 symmetry possible ( ( ) ( ) 1Abfelec =µΓ=ΨΓ ). 
3. A transition dipole moment parallel to the molecular c–axis makes transitions to 
electronic states with B1 symmetry possible, e.g. the second electronically excited 
state B 2B1 ( ( ) ( ) 1Bbfelec =µΓ=ΨΓ ). 
 
Since the a–axis is the prolate figure axis, a transition dipole moment parallel to the 
a–axis will show parallel transitions (∆K–=0). The b– and c–axes are perpendicular to 
the prolate figure axis, which means that transitions to A1 or B1 states will be of the 
perpendicular type (∆K–=±1). Transitions from the electronic ground state to A2 states 
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are electric dipole forbidden, because there is no transition dipole moment with an A2 
symmetry representation. 
 
For the initial and final vibrational wavefunctions no strong condition exists. The 
transition intensity is determined by the Franck–Condon factor, the square of the 
overlap integral between the initial and final vibrational wavefunctions [2.21] 
 
2i
vib
f
vib ΨΨ . (2.22) 
 
All vibrational ground levels have zero quanta in the antisymmetric stretch vibration 
(υ3 = 0, see Tab. 2.2) and therefore all initial vibrational wavefunctions belong to the 
a1 symmetry representation. The Franck–Condon overlap of the initial and the final 
vibrational wavefunction is strong when the final vibrational wavefunction has also of 
a1 symmetry representation. Consequently only transitions to vibrational levels with 
υ3 = even in the 2B2 electronic state are observed. These states are called bright 
states. States with b2 vibrational representation (i.e. υ3 is odd) in the 2B2 electronic 
state are very difficult to reach by excitation from the ground levels and consequently 
are called dark states. 
 
2.6.3. Coupling of X 2A1 and A 2B2 states 
The absorption spectrum of NO2 shows more transitions than can be explained by 
only the transitions to the bright states of the A 2B2 state. The reason for this large 
amount of additional bands is found in the strong vibronic coupling between the 
electronic ground state and the first electronically excited state. Vibrational levels of 
b2 symmetry representation (υ3 is odd) in the electronic ground state X 2A1 interact 
with vibrational levels of a1 symmetry representation (υ3 is even) in the first 
electronically excited state and the transition strength to the vibrational levels of a1 
symmetry in the first electronically excited state is distributed over all vibronic levels 
with vibronicΓ =b2. Vibronic levels with vibronicΓ =a1 interact identically (a1 vibration in X 2A1 
and b2 vibration in A 2B2) but remain dark since they can hardly be reached from the 
ground levels. 
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In the absorption spectrum of NO2 a clear polyad structure is recognizable [2.21–
2.29]. The polyads are groups of vibrational states that are close in energy and are 
caused by the ratios of the normal mode frequencies in the A 2B2 state being nearly 
integers (ω1 ≈ 2ω2 ≈ 2ω3). The groups of vibrational states are separated by relatively 
large energy gaps. Vibrational levels in the electronic ground state which are close in 
energy to the groups of bright states, gain more intensity than vibrational levels 
positioned in the energy gap between the groups. The result is an intensity 
modulation. The energy difference between adjacent maxima depends on the normal 
mode frequencies in the A 2B2 state of NO2 and, therefore, is different for all 
isotopologues. The vibrational levels belonging to the first 6 polyads of NO2 are given 
in Tab. 2.9. 
 
The polyad quantum number np for each vibrational level in the A 2B2 state of NO2 is 
calculated by 
 
3212 υυυ ++=pn . (2.23) 
 
Table 2.9: Vibrational levels in the first electronically excited state A 2B2, which belong to 
polyad 0–5. In the table a distinction has been made between bright (Γvib=a1) and dark 
(Γvib=b2) states. 
np Vibrational levels (υ1,υ2,υ3), Γvib=a1 Vibrational levels (υ1,υ2,υ3), Γvib=b2 
0 (0,0,0)  
1 (0,1,0) (0,0,1) 
2 (1,0,0), (0,2,0), (0,0,2) (0,1,1) 
3 (1,1,0), (0,3,0), (0,1,2) (1,0,1), (0,2,1), (0,0,3) 
4 (2,0,0), (1,2,0), (1,0,2), (0,4,0), (0,2,2), (0,0,4) (1,1,1), (0,3,1), (0,1,3) 
5 (2,1,0), (1,3,0), (1,1,2), (0,5,0), (0,3,2), (0,1,4) (2,0,1), (1,2,1), (1,0,3), (0,4,1), (0,2,3), (0,0,5) 
 
2.6.4. Line strength 
The main interest in this thesis is more on line positions, e.g. energy levels, than on 
line intensities. This is partly due to the nature of the experiment (see next chapter) in 
which absolute frequency positions are much easier determined than relative band 
strengths, at least over larger frequency regions. Nevertheless, intensity profiles, 
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particularly within one specific rovibronic band, are very helpful in assigning rotational 
transitions. In the case of low final rotational temperature, as typical for molecular 
beam expansions, only a few transitions are visible. Intensity comparisons between 
different vibronic bands, however, are harder. 
 
The line strength of an electric dipole transition is proportional to the square of the 
electric dipole moment [2.21] 
 
( ) ∑
ΨΨ
ΨΨ=←
intint ",'
2
intint "' µifS  (2.24) 
 
where Ψ”int and Ψ’int are the initial and final internal wavefunctions 
(Ψint= Ψelec ΨvibΨrot Ψfs), respectively and µ is the space-fixed electric dipole operator. 
The line strength can be separated in an electronic-vibrational and a rotational 
contribution. The first part is governed by Franck-Condon factors and changes 
strongly for different vibronic upper levels, particularly in view of the complex coupling 
scheme as typical for NO2. The consequence is a large change in the overall 
intensity for all vibronic bands. The internal structure of a specific vibronic band, 
however, shows a constant rotational intensity profile which is determined by the 
rotational line strength and the occupation of the rotational ground state levels 
according to the Boltzman distribution. In this case the rotational line strength is given 
by the Hönl-London factors that are calculated using [2.21] 3-j and 6-j symbols 
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The observed spectra have been fit using home-made software [2.30] that takes all 
considerations listed in the previous paragraphs into account. The program allows to 
separately fit band origin, rotational and spin constants, using explicitly equation 2.10 
and 2.16. Relative intensity profiles are not individually fitted but empirically scaled. 
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2.6.5. General appearance of the rovibronic spectrum 
Every vibronic band in the visible and near infrared absorption spectrum of NO2 
consists of several rotational transitions of parallel type (∆K=0 and ∆N=0, ±1). In Fig. 
2.3 a rotational energy level diagram is shown for symmetric NO2. The grey levels 
are levels that are not allowed by symmetry in symmetric isotopologues of NO2, but 
that are permitted in asymmetric isotopologues. In the diagram the allowed 
transitions for symmetric NO2 starting at K=0, N”=2 (P2 (N’K’–K’+=101 ← N”K”–K”+=202) 
and R2 (303 ← 202)) and K=1, N”=2 (P2 (110 ← 211), Q2 (212 ← 211) and R2 (312 ← 211)) 
are shown. These transitions can be drawn for all other existing rotational states. The 
result for the K=0 stack of all these transitions is a prototypical spectrum with 
transitions starting only at even N–levels (Fig. 2.4–B). The difference with the K=0 
spectrum for asymmetric NO2 (Fig. 2.4–C) is clear: in the asymmetric NO2 all 
rotational states are allowed and transitions start at all N–values. In Fig. 2.4–A a 
theoretical spectrum of symmetric NO2 is shown with fine structure splittings. A 
similar looking result is obtained for asymmetric NO2. Note that this theoretical 
spectrum is shown only to illustrate the spectral appearance. In general, recorded 
spectra are more complex, but the analysis starts from the considerations given here. 
 
In the case of K=1 the most important difference in the spectra of symmetric and 
asymmetric isotopologues is caused by a change of the molecular constants. 
Although half of the K=1 rotational N–levels is not allowed for symmetric NO2, all the 
missing levels belong to a pair of almost degenerate levels. The spectrum, therefore, 
is identical since one of the two levels is still available. The spectrum of the K=1 stack 
is much less regular than the spectrum of the K=0 stack, since it depends very 
strongly on the B’ and C’ rotational constants. In Fig. 2.5–B the K=1 spectrum is 
given for B’=C’. The spectrum is quite regular and only a small staggering effect, 
caused by the difference between B” and C” in the ground state, is visible. In Fig. 
2.5–C another K=1 spectrum is shown. The values for the rotational constants B’ and 
C’ have been changed in such a way that ½ (B’+C’) and thus the K=0 spectrum is 
identical to the spectrum in Fig. 2.5–B, but with B’–C’ = 0.08 cm–1 instead of zero. 
The result is a spectrum in which the regular sequences of P– and R–transitions are 
disturbed by a large increase of the staggering effect. In Fig. 2.5–A the same  
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Figure 2.3: Rotational energy level diagram for the electronic ground state X 2A1 and the 
first electronically excited state A 2B2. All levels are labelled as NK–K+ and the given 
symmetry representations are for symmetric NO2 in X 2A1 for υ3 = even and in A 2B2 for  
υ3 = odd. Black levels are levels allowed by symmetry, grey dashed levels are not 
allowed by symmetry. For asymmetric NO2 all levels (black and grey) are allowed by 
symmetry, A1 and B2 representations reduce to A’ and A2 and B1 representations reduce 
to A”, and in the A 2B2 state υ3 may have all values. 
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Fig 2.4: Theoretical spectrum of a 
regular K=0 stack for mass symmetric 
NO2 with ε'K=0 fine structure splitting (A), 
mass symmetric NO2 without fine 
structure splitting (B) and mass 
asymmetric NO2 without fine structure 
splitting (C). The following parameters 
are used for the construction of the 
spectra: Ground state parameters of 
16O15N16O (υ1,υ2,υ3)=(0,0,0), band origin 
= 0 cm–1, B’ = 0.41 cm–1, C’ = 0.41 cm–1, 
ε'K=0 = 0.1 cm–1. 
Fig 2.5: Theoretical spectrum of a 
regular K=1 stack for NO2. The following 
parameters are used for the construction 
of the spectra. Collective parameters: 
ground state parameters of 16O15N16O 
(υ1,υ2,υ3)= (0,0,0), band origin = 0 cm–1, 
A’=A”. 
A: B’ = 0.41 cm–1, C’ = 0.41 cm–1, ε'11 = 
0.15 cm–1, ε'22 = 0.1 cm–1, ε'33 = 0.1 cm–1. 
B: B’ = 0.41 cm–1, C’ = 0.41 cm–1, ε'11 = 
ε'22 = ε'33 = 0 cm–1. 
C: B’ = 0.45 cm–1, C’ = 0.37 cm–1, ε'11 = 
ε'22 = ε'33 = 0 cm–1. 
 
spectrum as in Fig. 2.5–B is shown, but a fine structure splitting, which is always 
present in the K=1 stack, is added.  
 
The overall spectrum is a superposition of the K=0 and K=1 spectra. The exact 
superposition depends on the value of A’. In Fig. 2.6 the zero on the x–axis indicates 
the band origin, while in Fig. 2.6 the zero on the x–axis indicates the band origin and 
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the difference in the rotational A constants in the lower and upper state (A”–A’). If 
A’=A”, the centres of the K=0 and K=1 stacks coincide. If A’<A”, the centre of the K=1 
spectrum is on the left hand side of the K=0 centre, and if A”>A’, it is on the right 
hand side of the K=0 centre (Fig. 2.6). 
 
The combination of the three effects described above, the staggering effect, the fine 
structure splitting and the shift of the K=1 stack outside the K=0 stack, makes it very 
hard to identify and assign K=1 states. The result is a rather small amount of 
assigned K=1 stack for all isotopologues. 
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Figure 2.6: Theoretical vibrational band of mass symmetric NO2 consisting of a K=0 and a 
K=1 stack. The following parameters have been used for the construction of the spectrum: 
Ground state parameter of 16O15N16O (υ1,υ2,υ3)= (0,0,0), band origin = 0 cm–1, B’ = 0.41 cm–1, 
C’ = 0.41 cm–1, ε11 = ε22 = ε33 = 0 cm–1. The rotational A constant is different for the three 
spectra: A’ = 4.6308 cm–1 (A), A’ = 7.6308 cm–1 (B) and A’ = 10.6308 cm–1 (C). 
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Chapter 3 
 
 
 
 
Sensitive fluorescence spectroscopy of  
jet cooled NO2 isotopologuesa 
 
A special spectroscopic setup has been designed for high resolution spectroscopy of 
jet cooled NO2 isotopologues. The primary features of the new setup are exceedingly 
low gas consumption and high detection efficiency without a serious loss in spectral 
resolution. This is achieved by optimizing the detection geometry of a time gated 
fluorescence unit in combination with a special piezo valve. This makes the setup 
particularly suitable for studying expensive gases that come in small supply. In 
particular it has been used to study rotationally resolved vibronic transitions of 
xOyNzO isotopologues (see also Chapter 4 and 5) and its performance is 
demonstrated here on the example of 15N16O2. A rotational analysis is given for a 
couple of different bands. In addition, an exceptionally strong band with band origin 
around 14850 cm–1 is reported that is of interest for atmospheric applications. The 
15N16O2 gas consumption is as low as 0.025 mg or 0.5 µmol/cm–1 spectral range. 
 
 
 
 
 
 
                                                 
a This chapter is based upon: Sensitive fluorescence spectroscopy of jet cooled 15NO2, E.A. Volkers, A. 
Vredenborg, H. Linnartz, J. Bulthuis, S. Stolte, R. Jost, Chem. Phys. Lett. 391 (2004) 106–111. 
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3.1. Introduction 
From an experimental point of view high resolution jet studies of electronic transitions 
of xOyNzO isotopologues have been prohibitive so far because of large gas 
consumption. Previous jet studies focus on the main isotopologue and use 
continuous expansion techniques with bolometer [3.1], cavity ring down [3.2] of 
(dispersed) fluorescence detection [3.3] techniques. The pulsed jet experiments on 
14N16O2 that have been reported, are photodissociation threshold [3.4] and 
nanosecond transient grating spectroscopy at sub–Doppler resolution [3.5]. The 
present study describes a time gated fluorescence experiment optimised for low gas 
consumption and high sensitivity and consequently applicable for the study of 
expensive isotopes. 
 
3.2. Experimental setup 
A schematic of the experimental setup that has been built for the experiments 
described in this thesis is shown in Fig. 3.1. The setup consists of a Nd:YAG pumped 
tuneable dye laser that is used to excite a strongly diluted beam of NO2. The 
molecular beam is expanded supersonically through a special piezo valve. 
Fluorescence spectra are recorded by a photo–multiplier tube or a special LN2 cooled 
Ge detector. Absolute frequency calibrations are obtained using an I2–gas cell or a 
λ–wavemeter. The whole setup is computer controlled which makes long survey 
scans possible. The details of the setup are listed in separate paragraphs below and 
the performance is demonstrated on the example of electronic spectra (A 2B2 – X 2A1) 
of 15N16O2. 
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Figure 3.1: The experimental setup is divided in four units: The first part consists of the 
Nd:YAG laser, dye laser and wavelength calibration equipment. The second part consists 
of vacuum setup and molecular beam sources. The third part covers the two detectors 
and the last part comprises gated integrators and computers for data acquisition and 
timing control of the experiment. 
 
3.2.1. Laser system 
The laser used to record the high–resolution absorption spectra is a Lambda Physik 
Scanmate OPPO tunable dye laser. The OPPO unit is completely removed, which 
leaves the dye laser consisting only of oscillator and pre–amplifier. The dye laser is 
pumped by the second harmonic of a Spectra Physics DCR–2A Nd:YAG laser. The 
pump laser has a maximum output power of 275 mJ/pulse at 532 nm and a repetition 
frequency of 10 Hz. Output power of the pump laser during operation is  
150 mJ/pulse. The output power of the dye laser depends strongly on the dye 
efficiency and varies typically between 0.5 mJ/pulse at the end of a dye range and 
2.0 mJ/pulse at the maximum dye efficiency. Several dyes have been used to cover 
the complete frequency range (11730 to 17993 cm–1) that has been used to study all 
isotopologues (see Table 3.1). 
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Table 3.1: Properties of the dyes used in the Lambda Physik Scanmate to cover the 
range from 11730 cm–1 to 17993 cm–1. 
Dye Solvent Concentration Isotopologue Frequency range 
Rhodamine 6G Methanol 140 mg/L 16O15N16O 16985–17993 cm–1 
Sulforhodamine B Methanol 260 mg/L 16O15N16O 16148–17039 cm–1 
DCM Methanol 350 mg/L 16O15N16O 14723–16255 cm–1 
Pyridine–1 Methanol 300 mg/L 16O15N16O 14276–14850 cm–1 
Styryl–7 Methanol 120 mg/L 18O14N16O 13280–14380 cm–1 
Styryl–8 Methanol 150 mg/L 18O14N16O 12705–13545 cm–1 
Styryl–9 Methanol 140 mg/L 18O14N16O 11730–12740 cm–1 
 
The typical bandwidth of the laser amounts to 0.07 cm–1 (without etalon in the cavity) 
which is more than sufficient to resolve individual rotational transitions of NO2. The 
wavelength selection in the Scanmate is achieved by varying the angle of a high 
quality grating in the oscillator. Unfortunately both at the higher and the lower end 
position of the grating, a change in the grating order is necessary to continue 
scanning which generally also causes the bandwidth to increase to as much as  
0.2 cm–1. In the experiments that are described here the grating order had to be 
changed twice: from 5 to 4 around 15800 cm–1 and from 4 to 3 around 12750 cm–1. 
The resulting decrease in spectral resolution is explicitly mentioned in Chapter 4. 
 
The output of the laser is focussed into the excitation zone in the vacuum chamber. 
Special care is taken to prohibit laser light to scatter towards the detectors that are 
mounted onto the chamber, e.g. by using a telescope to reduce the diameter of the 
laser beam, a set of diaphragms, long tubes with special light skimmers and windows 
that are mounted at a Brewster angle. 
 
Two photodiodes are used to record the laser intensity and a calibration signal. 
Recording the laser intensity makes it possible to correct the LIF intensity for shot to 
shot fluctuations in the laser intensity. 
 
For absolute frequency calibration two methods have been used. In the energy range 
from 14300 to 18000 cm–1 an iodine absorption spectrum is simultaneously recorded 
with the NO2 spectrum. The iodine cell has a length of 50 cm and to improve signal to 
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noise ratio the laser is sent twice through the cell. At 18000 cm–1 the spectrum is 
measured at room temperature and below 17000 cm–1 the temperature of the iodine 
cell is heated stepwise to 250°C for 14300 cm–1. For calibration the measured iodine 
spectrum is compared with and adjusted to an artificial iodine spectrum, created with 
a resolution of 0.1 cm–1 from well–determined iodine absorption lines. Comparison of 
the measured and artificial iodine spectra makes a very accurate calibration possible 
and also allows to correct for non–linear scanning. 
 
In the energy range from 11800 to 14300 cm–1 an absolute frequency calibration with 
iodine lines is getting harder. The calibration for this region is obtained using a 
simultaneously recorded etalon (FSR = 1.219 cm–1) scan and the output of a 
λ−wavemeter (Burleigh WA–4500). The result is a spectrum with an etalon fringe 
every 1.219 cm–1 (Figure 3.2), where both start and end frequency of the scan are 
determined. Previously calibrated lines of 14N16O2 can be used as an extra check. 
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Figure 3.2: The spectra are calibrated by a λ–wavemeter output and an etalon scan 
(lower spectrum). The FSR amounts to 1.219 cm–1 and the etalon transmission is 
measured with a photodiode. The 14N16O2 transition (upper spectrum) is used as an 
additional check. 
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3.2.2. Vacuum setup 
The vacuum setup consists of a large vacuum chamber differentially pumped by a  
30 m3/h rotary (Edwards E2M30) and a 1500 l/s diffusion pump (Varian NRC type 
Q0I5). The pressure in the vacuum chamber is around 5×10–7 mbar and increases to 
2×10–4 mbar during molecular beam operation. Two high intensity piezo electric 
pulsed molecular beam sources are installed in the vacuum chamber. The design of 
the molecular beam sources is based upon the model introduced by Proch and Trickl 
[3.6]. Small differences in the design of the two sources make it possible to position 
both nozzles at a distance of about 1 cm from the laser beam. One molecular beam 
source is positioned to produce a gas expansion in the direction of the PMT on the 
backside of the vacuum chamber. The position of this molecular beam source can be 
adjusted in three directions. The second molecular beam source is positioned to 
produce a molecular beam in the upward direction (to the Ge detector). 
 
The NO2 concentration in the seeding gas argon is stepwise increased from 1% at 
18000 cm–1 to 10% at 11800 cm–1. The reason for increasing the concentration is a 
decrease of the absorption cross section of NO2 with decreasing excitation energy. 
The mixture is expanded with a backing pressure around 1 bar through a nozzle with 
a diameter of 700 µm. The high intensity piezo electric pulsed molecular beam 
source is optimised for a well–defined pulse shape during a short opening time of 
150 µs. The velocity of the particles in the molecular beam is estimated at 630 ms–1 
(the velocity for expanded argon). The rotational temperature in the molecular beam 
is experimentally determined around 6 K. The laser beam crosses the molecular 
beam expansion 1.5 cm downstream. 
 
3.2.3. Synthesis NO2 isotopologues 
All NO2 isotopologues that are studied are home–made. Different routes of syntheses 
have been used for the different isotopologues. The production of 16O15N16O is 
started from sodium nitrate–15N, while for the synthesis of 18O14N16O, 18O2 was used 
as the source for isotopic enrichment.  
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16O15N16O 
The starting material for the synthesis of the 16O15N16O isotopologue is sodium 
nitrate–15N. The sodium nitrate is more than 99.5 % 15N enriched. The synthesis of 
16O15N16O occurs in three steps and the setup used during the synthesis is shown in 
Fig. 3.3. During the first step [3.7], the enriched sodium nitrate reacts with 
concentrated sulphuric acid leading to equilibrium with nitric acid–15N and sodium 
hydrosulphate (eq. 3.1). In the molecular distillation apparatus this step takes place 
at C. 
 
Na15NO3 (s)+ H2SO4 (l)  H15NO3 (l) + NaHSO4 (s) (3.1) 
 
The nitric acid–15N is separated from the equilibrium mixture through distillation. 
During the second step of the synthesis [3.8], which takes place in round bottom flask 
D, the separated nitric acid–15N reacts with phosporus (V) oxide to produce 
dinitrogen pentoxide–15N. 
 
H15NO3 (l) + P2O5 (s) → 2 HPO3 (s) + 15N2O5 (g) (3.2) 
 
The final step of the synthesis is the thermal decomposition of dinitrogen pentoxide 
into oxygen and nitrogen dioxide–15N (eq. 3.3). For this reaction the gaseous is 
dinitrogen pentoxide–15N is led through a decomposition tube, F, filled with glass 
pearls in a tube furnace, G. 
 
2 15N2O5 (g)  4 15NO2 (g) + O2 (g) (3.3) 
 
The formed nitrogen dioxide is trapped by condensation and crystallisation in bulb H1 
at a temperature of –70° C. For purification of the reaction product a second cold trap 
H2 is available. A gas flow of argon is used to guide all gas products through the 
setup. 
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Figure 3.3: Experimental setup for the synthesis of 16O15N16O: A: Entrance and exit for 
the Ar gas flow; B: Entrance and exit for the cooling water; C: Molecular distillation 
apparatus; D: Round bottom flask filled with P2O5; E1, E2 and E3: Drying spheres filled 
with P2O5 granulates; F: Decomposition tube filled with glass pearls; G: Tube furnace, 
operating temperature 260° C; H1 and H2: Cold traps for the collection and purification of 
the nitrogen dioxide product. 
 
The yield of products in the synthesis of 16O15N16O is about 50% and analysis of a 
small sample of the product with a mass spectrometer shows a 95% 15N enrichment 
in the nitrogen dioxide (Fig. 3.4a). 
 
18O14N16O 
The starting materials for the synthesis of the asymmetric isotopologue are nitrogen 
monoxide and 90% 18O–enriched oxygen. The enrichment of the starting material is 
lower than for the 16O15N16O synthesis, because 16O also has to be present in 
isotopologue. The only step for synthesising the 18O14N16O is the mixing of the two 
starting gases, which causes an exothermic reaction with nitrogen dioxide as the 
reaction product (eq 3.4). 
 
2 14N16O (g) + 18O2 (g) → 2 18O14N16O (g) (3.4) 
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A specially designed reaction / storage bulb is filled with 1 bar of 18O2. In order to 
create a stoichiometric mixture the reaction / storage bulb can be filled up to 2 bar 
with 14N16O. The major problem in this approach is the dimerisation of the formed 
nitrogen dioxide to dinitrogen tetroxide (eq. 3.5). The drop in pressure caused by the 
dimerisation equilibrium, makes it hard to determine the amount of nitrogen 
monoxide that has been added. This results in a lowering of the 18O enrichment of 
the reaction product nitrogen dioxide. 
 
2 18O14N16O (g)  14N216O218O2 (l) (3.5) 
 
Together with the dimerisation of nitrogen dioxide, a second equilibrium is 
established as a result of the exchange of oxygen atoms between molecules  
(eq. 3.6). The result is the formation of the two symmetric isotopologues 16O14N16O 
and 18O14N18O. 
 
2 18O14N16O (g)  16O14N16O (g) + 18O14N18O (g) (3.6) 
 
The isotopic structure of the mixture is analysed by recording a mass spectrum of 
sample gas. The gas was discharged by electron impact ionisation through cw 
expansion and subsequently monitored by a quadrupole mass spectrometer a few 
centimetres downstream [3.9, 3.10]. Strong peaks are found at masses of 46, 48 and 
50 amu for 16O14N16O, 18O14N16O and 18O14N18O respectively in a ratio of about  
1.2 : 2 : 1 (Fig. 3.4b). 
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Figure 3.4a: Mass spectrum of the synthesized 16O15N16O. The most abundant masses 
31 (15N16O) and 47 amu (16O15N16O) clearly originate from the 16O15N16O isotopologue. 
The masses 18, 28 and 32 indicate small pollutions of the sample with air (H216O, 14N2 
and 16O2, respectively). The intensity ratio between the peaks at mass 46 and 47 (5.13 : 
100) indicates a 95% 15N enrichment of the sample. 
 
 
Figure 3.4b: Mass spectrum of the synthesized 18O14N16O. Peak 1 covers the region of 
mass 29 to 33 amu and is probably caused by dissociation products: 14N16O (30 amu) 
and 14N18O (32 amu). Peak 2 represents a mass of 40 amu, which is the atomic mass of 
the carrier gas argon. The fragments responsible for peak 3 have mass 44 amu. Peak 4, 
5 and 6 represent masses 46 (16O14N16O), 48 (18O14N16O) and 50 (18O14N18O) amu, 
respectively. The intensity ratio for these three mass peaks is about 1.2 : 2 : 1. 
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3.2.4. Detection system 
Two detectors sensitive in different spectral regions have been used to monitor the 
fluorescence zone: a photomultiplier tube (PMT) and a LN2 cooled germanium 
detector. The detectors are mounted at different positions onto the vacuum setup. 
For both detectors an optical system has been used to focus the fluorescence zone 
onto the active part of the detector. 
 
PMT 
The PMT (Burle C31034 [3.11]) is mounted downstream of the first molecular beam 
source, on the backside of the vacuum setup. The broad spectral response of the 
PMT ranges from 185 to 930 nm (10750 – 54000 cm–1). The responsivity of the 
photocathode, however, drops rapidly for energies above 38450 and below  
11600 cm–1. This results in a decrease of the detected part of the total fluorescence 
with a decrease of the excitation energy. This makes it hard to use this detector for 
transitions to excited states close to the conical intersection and therefore the PMT 
has only been used at excitation energies from 14300 cm–1 to 18000 cm–1. 
 
The PMT is gated to prevent saturation by direct scattered laser light. At normal 
operation light induced free electrons from the cathode are accelerated towards the 
anode. The PMT gating system (FEW–21–07) switches the voltage (and thus the 
electric field) at the cathode and in the first two dynodes of the PMT. This results in 
the acceleration of the light induced free electrons from the cathode in the wrong 
direction and makes it almost impossible to reach the anode. The duration of gating 
can be adjusted at nanosecond scale and the voltage switching takes less than 1 ns. 
 
The operation voltage of the PMT is 1.96 kV and the gating duration is 20 ns. The 
long fluorescence lifetimes of electronically excited NO2 (up to 300 µs) don’t require 
very precise settings and the PMT is switched back to normal operation right after the 
laser pulse. 
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Germanium detector 
The second detector of the system is a germanium detector (North Coast EO–817L). 
The Ge detector is mounted downstream of the second molecular beam source, on 
top of the vacuum setup and has a spectral detection range from 800 nm to 1.7 µm 
(5900 – 12500 cm–1). The detector is liquid nitrogen cooled to suppress the dark 
noise and to obtain a good signal to noise ratio for infrared detection. At 700 nm, the 
signal to noise ratio of PMT and Ge detector is comparable and therefore the  
Ge detector has been used during the measurements in the range 11800 to  
14300 cm–1. Note that the difference in spectral detection range of the two detectors 
goes along with a change in the measured vibronic intensity profiles in the 700 nm 
region. Vibronic levels fluorescing mostly to vibrational levels at the bottom of the 
ground state well are better detected by the PMT, while vibronic levels fluorescing 
mostly to highly excited vibronic levels are better detected by the Ge detector. 
 
Saturation of the Ge detector by direct scattered laser light at wavelengths below  
780 nm is not possible. Above 780 nm the detector is shielded by one or two long 
wavelength pass filters. 
 
3.2.5. Experiment timing and data acquisition 
The process timing in the experiment is controlled by two timing units (Fig. 3.5). The 
(indirect) origin of all processes is found in the first timing unit. This unit triggers the 
Nd:YAG laser and the molecular beam source. Relatively large jittering in the laser 
delay makes it impossible to use the first timing unit also for the gated detection. 
Therefore a second timing unit, initiated by the Q–switch of the Nd:YAG laser, is 
used. This trigger is used to set the boxcar gates for the signal, calibration and laser 
power channels. It is also used for the exact timing of the PMT gating. 
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Figure 3.5: The timing in the system is controlled by two timer units. Timer unit 1 initiates 
the cycle by starting the molecular beam valve and the laser. The Q–switch of the laser 
triggers timer unit 2, which on its turn triggers all other measuring electronics that need 
high time precision for a good performance. 
 
The signal, calibration and laser power channels are read by a computer and 
averaged over 10 laser pulses. Only between 11800 and 12500 cm–1 the number of 
averaged pulses is increased to 40 because of weak signal. A labcard (Advantech 
PCL–812PG) in the computer takes care for the communication between setup and 
computer. The on–board D/A converter (30 kHz) has to be used very efficiently to 
read all signal channels, for this sake a new computer program has been written, 
which also controls the scanning procedure of the dye laser. 
 
3.3. Performance 
The performance of the new setup is demonstrated on the example of electronic 
spectra of 15N16O2. An overview scan of the A2B2 ← X2A1 system is shown in Fig. 3.6 
that covers part of the total frequency range that has been studied (13800 to  
18000 cm–1, see also Ch. 4). Very strong bands belonging to the 14N16O2 
isotopologue [3.3, 3.12] are barely detectable, showing that the 15N enrichment is 
nearly complete. About 300 vibronic bands have been measured for 15N16O2 with 
good S/N ratios. 
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Figure 3.6: An overview scan of rotationally resolved vibronic bands in the A 2B2 ← X 2A1 
transition of 16O15N16O. The spectra have been recorded with a gated fluorescence setup 
optimised for low gas consumption and high sensitivity. The three bands marked with X 
are shown in detail in Figs. 3.7–3.9. The strong transition around 14850 cm–1 – that has 
been clipped for clarity – is about 3.5 times stronger than the band shown in Fig. 3.7. 
 
Very small amounts of gas are used, with a repetition rate of 10 Hz about 3 mg 
15N16O2 per hour is needed. A typical 150 cm–1 long scan takes about an hour. This 
means that the absolute minimum gas amount that is necessary to cover the 13800 
to 18000 cm–1 range amounts to less than 100 mg. During routine operation slightly 
more gas is needed, typically between 300 and 500 mg, because of optimization 
tests, overlap between subsequent scans and repetition of scans to guarantee 
reproducibility. With cw jet and cw detection techniques such experiments are not 
affordable. The present setup, on the contrary, has the ability to cover large 
frequency regimes at high spectral resolution at exceedingly low gas consumption to 
study rare and expensive species. 
 
To illustrate the spectroscopic performance of our new setup, three zoomed and 
rotationally assigned bands are shown in Figures 3.7–3.9. 
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A band with origin at 15521 cm–1 is shown in Fig. 3.7. The rotational progression of a 
K=0 parallel sub–band with each second rotational line missing can be seen: only 
transitions starting from even N levels (A1 symmetry) are allowed. In contrast, even 
and odd N are allowed for the weaker K=1 sub–band. The Q–branch of the K=1 
stack is observed close to the band origin of the K = 0 stack, indicating that the 
difference of the A rotational constant in ground and excited state is small. The 
“staggering” effect observed in the K=1 sub–band, i.e. the irregular spacings in the P 
and R–branches, is due the slight deviation of NO2 from a symmetric top. This 
enables the determination of the difference B'–C' with good precision. 
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Figure 3.7: The rotationally resolved A 2B2 ← X 2A1 vibronic band of 15N16O2 located at 
15520.95(10) cm–1. All transitions are parallel. The five strongest lines belong to the K=0 
stack. The weaker and irregular progression (due to the ‘staggering effect’) belong to the 
K=1 stack. 
 
The parameters obtained from a standard non–linear least squares fit of this spectral 
region are given in Table 3.2. All spectral features are fitted, i.e. line intensities (both 
the rotational profiles and the intensity ratio of the K=0 and K=1 stack correspond to 
a rotational temperature of Trot = 8.5(1.5) K), line shapes (assuming Voigt profiles) 
and line positions. The good quality of the fit demonstrates that rovibronic couplings 
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do not play an important role in this band, although especially the R4 and R5 
transitions of the K=1 stack are not reproduced that well. Also, fine structure splittings 
are negligible in this band, and therefore need not be included in the fit. Possible 
shifts induced by hyperfine couplings, notably the Fermi contact–coupling in the 
ground state, and also centrifugal constants have likewise been neglected. 
 
Table 3.2: Excited state constants of the vibronic bands shown in Figs. 3.7 – 3.9. Ground 
state parameters are given in Ch. 2. All values in cm–1. 
14740 Band  
Origin 14739.8(1) 
(B’ + C’)/2 0.424 
'ε  0.04 
  
14850 Band  
Origin 14851.3(1) 
A’ 7.675 
B’ 0.482 
C’ 0.444 
'ε  0.11 
  
15521 Band  
Origin 15520.95(10) 
A’ 7.935 
B’ 0.454 
C’ 0.400 
The fit values are tentative, since they are obtained subject to some restrictions 
mentioned in the text. The estimated error in the fits of the excited state rotational 
constants is 0.005 cm–1. 
 
The possibility of extracting accurate values of the rotational constants in the excited 
state is important since those values reflect the degree of mixing of the two lowest 
electronic states and therefore may be helpful in assigning the vibronic band. 
Unfortunately, the situation is not always that favourable. Then, a complete fit of the 
spectrum is not worthwhile. Often, the K=1 stack is too weak as to be detectable. 
Moreover, the fine structure splittings are not normally negligible. As an example, in 
Fig. 3.8 another K = 0 rovibronic band is shown with a band origin at  
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14739.8(1) cm–1. The splitting observed for the P4, P6 and R2, R4 and R6 transitions is 
due to spin–rotation interaction in the excited state, as fine structure splitting in the 
ground state is not resolved with our laser resolution [3.13]. Including an additional 
term SN ⋅ε  ' , where 2/)''(' ccbb ε−ε=ε , with 'ε  indicating the spin rotation coupling 
tensor and b and c indicating the corresponding inertial axes of NO2, into a standard 
fit yields a value 'ε  ~ 0.04 cm–1 for the fine structure constant in the excited state. 
The constants are summarized in Table 3.2. 
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Figure 3.8: The rotationally resolved A 2B2 ← X 2A1 vibronic band of 15N16O2 located at 
14739.8(1) cm–1. Only the K=0 stack with resolved fine structure splittings can be 
observed. 
 
One strong and rather isolated band at 14850 cm–1 can be related to an eigenstate 
having a dominant A 2B2 character. On a larger energy scale high intensity transitions 
have been identified only for 14N16O2 in a Fourier Transform Infrared (FTIR) study as 
a polyad structure [3.14]. This polyad structure has also been observed by FTIR for 
the 15N16O2 isotopologue by Orphal [3.15]; the 14851.3 cm–1 vibronic energy 
corresponds to polyad nP=7 (nP = 2υ1 + υ2 + υ3, where υ1, υ2 and υ3 are the quantum 
numbers for the symmetric, bending and asymmetric vibrations in the excited vibronic 
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state, respectively). The Franck–Condon calculations made for the main 
isotopologue [3.14] should remain qualitatively correct for the 15N16O2 isotopologue. 
The vibronic level at 14851.3 cm–1 can be assigned a (1,5,0) 2B2 dominant character 
because of its very strong intensity and its unusually large B ' = 0.463 cm–1 value. A 
zoomed scan is shown in Fig. 3.9, along with a fitted spectrum. The quality of the fit 
gives the rotational constants in Table 3.2 with good accuracy, although the fit of the 
fine structure can still be improved. For the K=0 stacks the assumption of a constant 
'ε  = 0.11 cm–1 for rotational levels up to N'=6 of the excited state is satisfactory, but a 
clear deviation is visible in the R8 transition and similarly deviations can be seen in 
the higher P transitions. There are several possible reasons for those deviations. 
One reason is the neglect of centrifugal effects, which may not be warranted for N' 
larger than 5 or so [3.16]. Another possible source of deviation is that the spin–
rotation coupling constant is actually not constant, but depends on N. In the case of 
strong vibronic coupling the spin–rotation coupling is expected to even have a 
quadratic dependence on N and this is born out experimentally (see, e.g. [3.17]). The 
fit of the K=1 stack is subject to the same restriction, but here the fine structure 
splitting may be neglected even if 'ε  is not neglible. Tentatively, we explain this by 
assuming that aa'ε  increases quadratically with N' and has a negative sign, so that it 
offsets the effect of 'ε  and the (positive) value of aa''ε  in the ground state. The 
constants obtained by neglecting the imperfections in the fit, mentioned above, are 
listed in Table 3.2. They are of a tentative nature and a more detailed spectral 
analysis will be given elsewhere. The values of the rotational constants are not, 
however, expected to significantly change by those refinements. 
 
The strong band at 14850 cm–1 may be particularly useful for detection of 15N16O2 
and the study of MIF in the atmosphere. In view of the much lower abundances of 
15N a strong transition is needed to observe 15N16O2 at all. In addition, a comparison 
with detailed lists of line positions of 14N16O2 learns that there is barely an overlap 
with the strong band discussed here, which makes it very well suited as a benchmark 
transition. 
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Figure 3.9: The rotationally analysed A 2B2 ← X 2A1 vibronic band of 15N16O2 at  
14850 cm–1 that is vibrationally assigned to a (ν1, ν2, ν3) = (1,5,0) polyad excitation in the 
excited state. Deviations between fitted (dashed) and observed spectrum do not impede 
the accuracy of the rotational constants and are related to assumptions regarding the fine 
structure. The corresponding constants are listed in Table 3.2. 
 
Special efforts have been made to extend the operation of our setup to lower 
excitation frequencies, roughly below 13500 cm–1. As the fluorescence is red shifted 
with respect to excitation frequency, the PMT is sensitive to only a small part of the 
total fluorescence signal for laser frequencies roughly above 700 nm. For this reason 
a LN2 cooled Ge detector is used that is sensitive also at wavelengths up to 1700 nm 
[3.3]. This is of importance as direct information on the (less perturbed) low lying 
vibrational levels (close to the conical intersection) is required for a fair comparison 
with theoretical models [3.18]. Preliminary results indicate that this is an attainable 
prospective; around 700 nm the PMT and Ge detectors give comparable results and 
from 720 nm onwards the use of the Ge detector results in better S/N ratios. 
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Chapter 4 
 
 
 
 
The A 2B2 – X 2A1 electronic transition of 15NO2a: 
A rovibronic survey covering 14300 – 18000 cm–1 
 
More than 250 rotationally resolved vibrational bands of the A 2B2 – X 2A1 electronic 
transition of 15N16O2 have been observed in the 14300 – 18000 cm–1 range. The 
bands have been recorded in a recently constructed setup designed for high 
resolution spectroscopy of jet cooled molecules by combining time gated 
fluorescence spectroscopy and molecular beam techniques. The majority of the 
observed bands has been rotationally assigned and can be identified as transitions 
starting from the vibrational ground state or from vibrationally excited (hot band) 
states. An exceptionally strong band is located at 14851 cm–1 and studied in more 
detail as a typical benchmark transition to monitor 15N16O2 in atmospheric remote 
sensing experiments. Standard rotational fit routines provide band origins, rotational 
and spin rotation constants. A subset of 177 vibronic levels of 2B2 vibronic symmetry 
has been analyzed in the energy range between 14300 and 17250 cm–1, in terms of 
integrated density and using Next Neighbour Distribution. It is found that the overall 
statistical properties and polyad structure of 15N16O2 are comparable to those of 
14N16O2 but that the internal structures of the polyads are completely different. This is 
a direct consequence of the X 2A1 – A 2B2 vibronic mixing. 
 
                                                 
a This chapter is based upon: The A2B2 – X2A1 electronic transition of 15NO2: A rovibronic survey covering 14300 
– 18000 cm–1, E.A. Volkers, M.C. Koudijzer, A. Vredenborg, J. Bulthuis, S. Stolte, H. Linnartz, R. Jost, J. Mol. 
Spectrosc. 235 (2006) 1–17. 
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4.1. Introduction 
In the last decade much efforts have been made to interpret high resolution data of 
the A 2B2 – X 2A1 electronic spectrum of 14N16O2 [4.1–4.13]. This spectrum is very 
dense, even though NO2 is a small near–prolate asymmetric rotor. The origin of the 
spectral congestion is found in the strong vibronic coupling between the X 2A1 ground 
state and the lowest electronically excited A 2B2 state via the antisymmetric stretch 
coordinate of b2 symmetry, taking place above the conical intersection of the two 
potential energy surfaces at a rather low energy of about 10000 cm–1. As a 
consequence, spectral features have been vibronically assigned only well below and 
close to the conical intersection. For higher energies identifications are rare: above 
12000 cm–1 vibrational assignments are ambiguous and above 16500 cm–1 the 
nature of the spectra appears nearly vibronically chaotic. 
In the case of other symmetric isotopologues like 15N16O2, a similar overall 
spectroscopic behaviour is expected: a spectrum consisting of much more bands 
than expected for a simple tri–atomic molecule with an increasing complexity for 
higher energies. Rotational spacings and vibrational progressions will differ, reflecting 
minor differences in molecular masses. A tiny change in the vibrational frequencies 
and zero point energies (ZPE), however, induces a large change in the eigenstates 
mixing coefficients and in the relative intensity of the vibronic bands. Numerous 
spectroscopic studies have been reported for the main isotopologue; 14N16O2. These 
comprise both cell [4.14] and cw or pulsed jet experiments, using direct absorption 
techniques – e.g. ICLAS [4.2,4.15], cavity ring down [4.16], bolometric [4.7,4.8] and 
LIF detection [4.17]. For the minor isotopologues of NO2 much less spectroscopic 
information is available, mainly because of large gas consumption in these 
experiments and the high costs involved in studying 15N or 18O species. So far some 
infrared cell measurements have been reported [4.18–4.21] and spectroscopic 
observations in the visible range are largely lacking. The present work has been 
performed with a recently constructed spectroscopic setup optimized for minimal gas 
consumption, high sensitivity and high spectral accuracy (described in Chapter 3). In 
this article more than 250 rovibronic bands of the A 2B2 – X 2A1 electronic system of 
15N16O2 are reported in the 555–700 nm range. All bands are rotationally resolved 
and the majority has been assigned. A number of benchmark transitions – among 
which a very strong transition around 14851 cm–1 – is presented in detail. The excited 
 
The A 2B2 – X 2A1 electronic transition of 15NO2 
  61 
state parameters of all observed bands are summarized in two overview tables and 
discussed in detail. A statistical comparison with data available for the corresponding 
14N16O2 spectrum is presented as well. 
 
4.2. Experiment 
The experimental setup has been described in detail in Chapter 3. The second 
harmonic of a Nd:YAG laser is used to pump a tuneable dye laser covering the 
frequency regime of 14300 to 18000 cm–1 (Rhodamine 6G, Sulforhodamine B, DCM 
and Pyridine 1) with a bandwidth of typically 0.07 cm–1. In the 15340 to 15780 cm–1 
region a larger linewidth of about 0.12 cm–1 has been found as a consequence of a 
change in the grating order. The laser beam is focused onto an expanding mixture of 
1 % 15N16O2 in Ar that is generated through a high intensity piezo electric pulsed 
molecular beam source that is optimized for a well–defined pulse shape during a 
short opening time of 150 µs. A gated photomultiplier tube is used to monitor the 
fluorescence zone that is about 1.5 cm downstream of the nozzle orifice. Typically  
10 laser shots are averaged for each data point. An absolute frequency calibration 
with an accuracy better than 0.05 cm–1 is obtained by simultaneously recording an 
iodine absorption spectrum and/or the output of a wavemeter. As the setup has been 
designed for fully automatic scanning over large frequency ranges (typically 
segments of 150 to 200 cm–1), an etalon signal with a FSR of 1.22 cm–1 is recorded 
to correct for non–linearities. 
15NO2 is produced in a standard synthetic procedure from 99 % pure Na15NO3 [4.23]. 
Sulphuric acid is added to sodiumnitrate–15N to produce nitric acid. The mixture is 
distilled to obtain the nitric acid–15N product. The H15NO3 reacts with P2O5 
(phosphorus(V)oxide) to produce nitrogen (V) oxide–15N. When heated to 260 oC 
15N2O5 dissociates into 15NO2 and O2. The final separation is obtained in a cold trap 
that is operated at 213 K. The purity of the gas obtained in this way has been 
checked by mass spectrometry and is better than 95 %. For the frequency range 
presented here less than 0.5 gram of 15NO2 has been used. 
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4.3. Results 
In Fig. 4.1 an intensity normalized stick diagram is shown that gives an overview of 
all recorded rovibronic bands in the A 2B2 – X 2A1 electronic spectrum of 15N16O2 in 
the 14300 –18000 cm–1 region and that shows the complexity of the overall features. 
In total more than 250 separate rovibronic bands have been rotationally resolved. 
The overall intensity pattern shown in the figure exhibits a clear polyad structure and 
is obtained by adding individual bands that are represented by a Gaussian peak 
function with an intensity as listed in the tables and a width of 300 cm–1. Furthermore 
it is clear that for lower energy the intensity (and detection efficiency) decreases, 
whereas for higher energy spectral congestion increases. 
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Figure 4.1: A stick diagram representing the observed rovibronic bands within the A 2B2 – 
X 2A1 electronic transition of 15N16O2. The overall intensity pattern is only indicative (see 
text) and visualizes a clear polyad structure. A single strong band at 14851 cm–1 is 
indicated by an * and discussed in detail in section 4.3.5. 
 
Four different classes of rovibronic spectra are distinguished for the spectroscopic 
analysis and in the first part of this paper these bands are treated separately in an 
increasing order of complexity. Typical examples have been chosen to demonstrate 
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spectral appearance and analysis. A summary of all molecular parameters of all 
observed bands is presented in two overview tables. The number of rotational 
transitions per band is limited because of the low final rotational temperature in the 
beam expansion, typically between 5 and 15 K. This prohibits in nearly all bands a 
determination of the effect of centrifugal distortion in the excited state. The vibrational 
temperature, however, is substantially higher and this is reflected in the appearance 
of hot band transitions. These start mainly from the excited bending state (υ1, υ2, υ3) 
= (0,1,0) at 740 cm–1 [4.21] and in a few cases from (0,2,0) at 1479 cm–1 or (1,0,0) at 
1306 cm–1 [4.24] and are unambiguously identified by determining differences in 
origin band positions and by comparing excited state rotational constants and spin 
splittings.  
The centre of a rotational transition is determined by fitting each individual line by a 
Gaussian function. The spectroscopic analysis has been performed using a non–
linear least squares fit routine (Levenberg–Marquardt). To account for the rotational 
structure of the vibronic bands, we take three contributions to the Hamiltonian into 
account 
 
cfSRrigidrot HHHH ++=  (4.1) 
 
Since NO2 is a nearly symmetric top, the first contribution, the rigid rotor Hamiltonian, 
can be written as a series expansion in (C–B)/(2A–B–C): 
 
( )
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⎟⎠
⎞⎜⎝
⎛
−−
−+⎟⎠
⎞⎜⎝
⎛
−−
−+⎟⎠
⎞⎜⎝
⎛
−−
−+
×⎟⎠
⎞⎜⎝
⎛ +−++++ν=
3
3
2
21
2
222
2
1
2
CBA
BCC
CBA
BCC
CBA
BCCK
CBANNCBE bo
 (4.2) 
 
where νbo indicates the band origin, A, B and C are rotational constants, N is the 
rotational quantum number, K is the projection of N on the molecular a–axis and C1, 
C2 and C3 are constants defined in Appendix III of Ref. [4.25]. Accurate ground state 
constants are available from Ref. [4.20]: A’’ = 7.63077 cm–1, B’’ = 0.43377 cm–1 and 
C’’ = 0.40945 cm–1. Rotational constants for hot band transitions starting from (0,1,0) 
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are available from Ref. [4.21]: A(010)’’ = 7.9843 cm–1, B(010)’’ = 0.4337 cm–1 and  
C(010)’’ = 0.4087 cm–1. In the fit program the series expansion is carried to the third 
order. This is more than sufficient for the experimental accuracy of the line positions 
in our measurements. 
 
The second term in Eq. 4.1, the indirect coupling of the electronic spin and the 
molecular rotation, which leads to fine structure, can be written as an effective 
Hamiltonian [4.26,4.27] 
 ( )∑ +ε= ij ijjiijSR NSSNH 21 . (4.3) 
 
For an asymmetric top this gives a spin–rotation energy 
 ( ) ( ) ( )[ ]11121 +−+−+ε= SSNNJJE NSR  (4.4) 
 
where, for a molecule with C2v symmetry, εN can be written in terms of diagonal 
tensor elements only 
 
( ) ( )( ) ( )ccbbKccbbaaccbbN KNN ε−εδ±+
ε+ε−ε+ε+ε=ε 14122
1
2
1
1
 (4.5) 
 
The + and – sign corresponds to the symmetric and antisymmetric Wang 
combination of symmetric top functions, respectively, and δ|K|1 is unequal to zero for 
|K|=1. Eq. 4.5 is identical to Eq. 6 of Ref. [4.26] if x, y and z are substituted by c, b 
and a, respectively. The off–diagonal contributions (HSR)N–1,N and (HSR)N,N+1 are often 
small enough to be disregarded here [4.28,4.29]. According to Eq. 4.3 each rotational 
level is split into two levels, with J = N + ½ and J = N – ½, leading to respective 
energy shifts of ½NεN and –½(N+1)εN. For the electronic and vibrational ground state, 
the fine structure coupling is relatively small. In the fit program we have used the 
values determined in Ref. [4.30]: ε”aa = 0.180 cm–1, ε”bb = 0.000 cm–1 and  
ε”cc = – 0.003 cm–1. For the K=0 stacks only ε  = (εbb+εcc)/2 matters and for the 
ground state this value can be neglected. 
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From the fitted ε’ values listed in the overview tables (Table 4.3 and 4.4) it becomes 
clear that both magnitude and sign vary greatly between different vibronic states. 
This variety is the very consequence of vibronic interactions, since the ε’ values 
depend strongly on the degree of mixing of the coupled states. As a consequence, 
the ε ’ value that according to Eq. 4.5 affects the line positions of both the K=0 and 
K=1 stack, not necessarily has to be treated as a common parameter for both stacks. 
Therefore it is also possible to use two independent fit parameters: ε ’K=0 and ε ’K=1. 
This seems to be inconsistent with the assumption that the effective rotational 
constant, 'B  ≡ ½ (B’+C’), should be equal for both stacks, but in practice this 
assumption turns out to be a good approximation. Indeed, 'B  values turn out to be 
much less sensitive to (ro)vibronic coupling than ε ’ values. We have applied this 
procedure – besides the standard procedure used for all bands – only in the case of 
the strong 14851 cm–1 band (subsection 4.3.5). 
 
The last term in Eq. 4.1, the centrifugal distortion, is written as 
 
( )22 1+= NNDH Ncf  (4.6) 
 
On the basis of experimental data [4.31], DN is expected to be of the order of  
10–4 cm–1 and its contribution for the lowest N values – as typically observed in a 
molecular beam experiment – will be negligible. An exception is the 14851 cm–1 band 
and in this particular case inclusion of DN’ improves the fit significantly. 
 
Finally, the relative line intensities, as determined by rotational temperature, are also 
calculated. In the fitting procedure, however, this information is only used to guide the 
assignment. Particularly for larger frequency domains deviations between observed 
and calculated intensities may occur, because of experimental features, such as 
saturation, dye gain profile and wavelength dependent sensitivity of the detector. 
Since we only fit line positions and not intensities, the model is approximately linear 
in the spectral parameters that we use. Assuming that the experimental errors are 
normally distributed, the standard errors of the fit are taken as the square roots of the 
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diagonal elements of the covariance matrix. The covariances are found to be very 
small. 
 
Below, in the subsections 4.3.1 to 4.3.4, vibronic bands corresponding to four 
different spectral classes are discussed and illustrated with typical examples that 
have been fit to the equations listed in the previous paragraphs. It is important to note 
that we label the bands according to their experimental appearance: i.e. laser 
bandwidth and sensitivity determine, respectively, whether fine structure is resolved 
or not and weaker (particularly K=1) transitions are detected or not. The classification 
only reflects the spectroscopic level at which a vibronic band can be described.  
The majority of the fits yields acceptable values for the rotational constants – apart 
from bands that are heavily perturbed – and in the few cases where this is not the 
case, it is indicated that the resulting molecular constants should be used as effective 
parameters only. In general the error ∆(½(B’+C’)) is a good measure for the accuracy 
of the fit. A comparison of the constants is important to conclude about the degree of 
mixing of the two lowest electronic states. In addition, all vibrational bands can be 
analyzed in terms of density statistical distribution and a comparison with previous 
results for the main isotopologue is made. These topics are addressed in the 
Discussion (section 4.4). 
 
4.3.1. K=0 stack only, with unresolved spin splittings 
In Fig. 4.2 one of nearly 80 vibronic bands is shown for which only K=0 transitions 
have been observed. Only rotational transitions starting from even N–levels are 
symmetry allowed and as a consequence the spectrum consists of two branches of 
P2,4,6 and R0,2,4,6 transitions, separated by a band gap of 6[(B”+C”)/2] ≡ 6 ''B .  
Q–branch transitions are not allowed in the K=0 stack. The assignment is indicated in 
the figure. Note that a K=1 stack should exist in the vicinity of each K=0 stack. 
However, the K=1 stack is always significantly weaker than the K=0 stack – 
particularly because of rotational cooling in the expansion; the rotational state 
summed intensity of the K=1 stack is expected to be about half that of the K=0 stack 
at a rotational temperature of 8 K. In addition, the number of transitions in the K=1 
stack is larger than for the K=0 stack (see 4.3.2) and these transitions are more likely 
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involved in rovibronic couplings because of the increased number of coupling 
pathways. As a consequence, the intensity may be dispersed over a significantly 
larger number of lines and K=1 stack transitions may not be observable. The “grass” 
of weak lines observable in Fig. 4.2, for example, is expected to be due, at least 
partially, to the corresponding K=1 stack. It is also possible that a K=1 band shifts 
outside its corresponding K=0 band, which makes an identification very hard. Without 
a K=1 band it is not possible to determine independent values for B’ and C’. For the 
band shown in Fig. 4.2 a fit routine following Eq. 4.2 results in νbo = 15420.5(1) cm–1 
and 'B  = 0.426(5) cm–1. The deviations between observed and calculated line 
positions are well within the experimental uncertainty of a few hundredths of a cm–1. 
In Table 4.3 an overview of all ‘only’ K=0 bands is given and these are labelled with 
an A. Note that for K = 0 the asymmetric top contributions in Eq. 4.2 – C1, C2 and C3 
– are zero. 
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Figure 4.2: An example of an ´only´ K=0 stack within the A 2B2 – X 2A1 electronic system 
of 15N16O2 observed around 15420.5 cm–1 without observable spin splitting. The band is 
listed as No. 55 in Table 4.3. 
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4.3.2. K=0 and K = 1 stacks with unresolved spin splittings 
Roughly 50 vibronic bands show recognizable K=1 transitions in addition to K=0 
transitions. An example is shown in Fig. 4.3. Apart from the K=0 P2,4,6,8 and R0,2,4,6 
progressions also the K=1 P2–6 and R1–4 transitions as well as a Q–branch are 
identified. For the K=1 band transitions starting both from even and odd N–levels are 
observed. 
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Figure 4.3: An example of an electronic A 2B2 – X 2A1 transition of 15N16O2 consisting of 
both K=0 and K=1 stacks. Fine structure is not resolved. Note the difference in symmetry 
allowed transitions for the K=0 (only even) and K=1 (both odd and even levels). The band 
is centered around 15521 cm–1 and listed in Tables 4.3 and 4.4 as No. 60. 
 
All line positions (summarized in Table 4.1) are fitted simultaneously, using Eq. 4.2, 
which results in independent values for A’, B’ and C’. For the band shown in Fig. 4.3 
values νbo = 15520.9(1) cm–1, A’= 7.952(5) cm–1, B’= 0.458(5) cm–1 and C’= 0.398(5) 
cm–1 have been found. An unambiguous combined K=0 and K=1 analysis is possible 
only in about 20 of the 50 observed bands. This is due to a combination of factors as 
explained above. In addition, several K=1 bands are irregular and because of the 
limited number of rotational transitions at the low temperature in the expansion, 
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assignments are not always possible. In Table 4.3 an overview of all assigned K=0 
sub–bands is given. These bands are labelled with B and the corresponding K=1 
parameters – as far as assigned – are listed in Table 4.4.  
 
Table 4.1: Observed and calculated line positions for both K=0 and K=1 stacks of the 
band at 15520.9(1) cm–1 in the A 2B2 – X 2A1 electronic system of 15N16O2 as shown in 
Fig. 4.3. All values are in cm–1. 
 νobs νcalc Obs. – calc. 
K=0    
P6 15516.02 15516.07 –0.05 
P4 15517.66 15517.65 0.02 
P2 15519.28 15519.27 0.01 
R0 15521.80 15521.80 0.00 
R2 15523.58 15523.55 0.02 
R4 15525.32 15525.34 –0.02 
R6 15527.17 15527.16 0.01 
    
K=1    
P6 15516.61 15516.57 0.04 
P5 15517.09 15517.05 0.04 
P4 15517.98 15518.02 –0.04 
P3 15518.73 15518.75 –0.02 
P2 15519.61 15519.58 0.03 
Q1 15521.31 15521.33 –0.02 
R1 15522.90 15522.93 –0.03 
R2 15523.94 15524.01 –0.07 
R3 15524.57 15524.53 0.04 
R4 15526.02 15525.98 0.04 
R5 15526.24 15526.25 –0.02 
 
4.3.3. K=0 & K=0 and K=1 transitions with observed spin splittings 
An example of a K=0 band with spin splitting is presented in Fig. 4.4. The band 
comprises P2,4,6 and R0,2,4,6 transitions and for each rovibronic transition a spin 
splitting is resolved. The two spin components correspond to states in which spin and 
rotational angular momentum are parallel (J’=N’+½) or anti–parallel (J’=N’–½). The  
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sign of 'ε  is determined by the intensity pattern of the lowest fine structure 
components in the spectrum. The corresponding labelling is indicated in the figure. In 
this particular example the spin splitting increases linearly with N in the K=0 stack. 
The line positions are summarized in Table 4.2. The frequencies are fitted following 
Eqs. 4.2 and 4.4, which gives νbo = 16324.3(1) cm–1, 'B  = 0.434(5) cm–1 and  
'ε  = 0.094 cm–1. In Table 4.3 the molecular parameters are listed of K=0 bands with 
fine structure. These bands are labelled C. 
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Figure 4.4: An example of a K=0 sub–band with resolved fine structure splitting in the 
electronic A 2B2 – X 2A1 transition of 15N16O2 , centred around 16324.3 cm–1. The fine 
structure components are indicated in the figure. Transitions marked with an asterisk 
have been identified as the K=1 stack of this band. In Tables 4.3 and 4.4 this band is 
listed under No. 108. 
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Table 4.2: Observed and calculated line positions for the K=0 transition of the band at 
16324.3(1) cm–1 in the A 2B2 – X 2A1 system of 15N16O2 with resolved fine structure (Fig. 
4.4). All values are in cm–1. 
 νobs νcalc Obs. – calc. 
K=0    
P6 (9/2) 16319.37 16319.36 0.01 
P6 (11/2) 16319.85 16319.89 –0.03 
P4 (5/2) 16320.89 16320.91 –0.02 
P4 (7/2) 16321.29 16321.25 0.04 
P2 (1/2) 16322.54 16322.57 –0.03 
P2 (3/2) 16322.72 16322.71 0.01 
R0 (1/2) 16325.07 16325.10 –0.03 
R0 (3/2) 16325.27 16325.24 0.02 
R2 (5/2) 16326.81 16326.82 –0.01 
R2 (7/2) 16327.19 16327.15 0.05 
R4 (9/2) 16328.67 16328.63 0.04 
R4 (11/2) 16329.13 16329.16 –0.03 
 
4.3.4. Perturbed and irregular transitions 
About 40 bands (labelled D in Table 4.3) were found to be rotationally perturbed. The 
majority of these bands are so irregular that in view of the limited number of 
transitions rotational assignments are not possible. For these bands only 
approximate values for the band origins are listed in Table 4.3.  
In some cases, however, the rovibronic interaction is limited to a single rovibronic 
level. In Fig. 4.5 a spectrum is shown in which a K=0 sub–band with a resolved spin 
splitting displays the same triplet of lines for both the R2 and the P4 transition. This 
means that one of the two spin components of the N=3 level is split into two 
components because of an interaction with a dark level. In this particular case the 
spin component J = 7/2 of the N=3 excited rotational state interacts. For the fit, the 
deperturbed energy of the J=7/2 level is used yielding νbo = 16173.5(1) cm–1,  
'B  = 0.441(5) cm–1 and 'ε  = – 0.090 cm–1.  
An overview of all observed bands is given in Table 4.3. The labelling indicates the 
type of the transition: A0, B0,1, C0 and C0,1 and D refer to the corresponding previous 
subsections and the subscript indicates the observed K values. Bands that have not 
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been fitted are only represented by an (estimated) band origin. The fitted K=1 bands 
are listed separately in Table 4.4. Most of the ½(B’+C’) values derived for 
corresponding K=0 and K=1 stacks agree to within 0.001 cm–1.  
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Figure 4.5: An example of a perturbed K=0 band in the electronic A 2B2 – X 2A1 transition 
of 15N16O2 with resolved spin splitting. Transitions to N’=3, however, have a triplet 
structure because of an interaction with a dark state. This example (No. 99 in Table 4.3) 
is one of the more regular perturbed states. 
 
All observed bands have been numbered, except for two types of bands: for non–
assignable bands of type D only band origins have been extracted and for bands 
above 17260 cm–1 it is not possible to discriminate hot bands starting from (0,1,0) as 
the corresponding cold bands are above 18000 cm–1 and have not been recorded.  
From these overview tables with band origins and excited state parameters it is 
straightforward to identify hot bands and spurious bands belonging to 14N16O2. Hot 
bands are indicated by HB and the number of the corresponding cold band. The final 
result is that in total 177 cold bands – each of them corresponding to a vibronic level 
with 2B2 symmetry – have been identified between 14300 and 17260 cm–1 (see 
Tables 4.3 and 4.4). 
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4.3.5. The 14851 cm–1 band: a benchmark transition for remote sensing. 
In polyad 7 we have located an exceptionally strong cold band transition that is 
centred around 14851 cm–1. The band is indicated by an asterisk in Fig. 4.1 and has 
the spectral features typical for a band as discussed in subsection 4.3.3. At this stage 
it is unclear why this band is so intense. Also the corresponding hot band transition – 
located in a fast scan around 14110 cm–1 – is very intense and dominates the 
spectral region of polyad 6. As there is barely any overlap between the 14851 cm–1 
band with known 14N16O2 bands, we pay special attention to this band because of its 
potential use for atmospheric remote 15N16O2 sensing. Last year data obtained from 
satellite observations by GOME and SCIAMACHY [4.32,4.33] showed the existence 
of very high NO2 column densities, particularly above industrialized areas. An 
additional tool in understanding the complex system of atmospheric processes 
leading to NOx production is the study of isotope distributions in the atmosphere. For 
ozone (and several other atmospheric gases) an anomalous distribution has been 
found that has been attributed to the isotope shift of the zero–point energies [4.34–
4.36]. Similar observations are expected for NO2 isotopologues, but good benchmark 
transitions for remote sensing have been missing so far. The 14851 cm–1 band 
presented here is a good candidate to overcome this problem. 
 
A detailed view of this band with a rotational assignment is shown in Fig. 4.6. Both for 
the K=0, as well as for the K=1 stack, transitions up to N=8 have been observed. This 
makes it possible to fit the maximum number of 9 spectroscopic parameters that are 
taken into account: the band origin, A’, B’, C’, 'ε (K=0), ε’aa, ε’bb, ε’cc, (K=1) and the 
centrifugal distortion constant D’N. By varying the experimental conditions, spectra 
have been taken at different rotational temperatures, which unfortunately span only a 
short range. Comparison of the fit results for two spectra at estimated rotational 
temperatures of 7 K and 9 K shows that the calculated parameters for the two cases 
are equal within the estimated errors at the 95% confidence level. The deviations 
between the two origins, 14851.24 cm–1 for Trot=9 K, versus 14851.31 cm–1 for Trot = 
7 K, reflects the uncertainty in absolute frequency calibration. The 9 K spectrum is 
displayed in Fig. 4.6, together with the fitted spectrum. The calculated K=0 and K=1 
stack spectra are shown on top, to make clear how the subspectra are 
superimposed.  
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Figure 4.6: The rotationally analyzed A 2B2 – X 2A1 spectrum of an exceptionally strong 
vibronic band of 15N16O2 at 14851 cm–1 (see Table 4.3, band No. 22, to compare for 
intensities). Fits for the K = 0 and K = 1 stacks are shown separately and when added 
give a nearly perfect simulation. Observed and calculated line positions are listed in Table 
4.5. The corresponding constants are listed in Table 4.6. 
 
The assigned experimental line positions are compared with the calculated ones in 
Table 4.5. The resulting fit parameters are given in Table 4.6. Even for this 
favourable case, where the fit is based on many line positions, the ε’ parameters for 
the K=1 stack have large uncertainties, and therefore are least suited for comparison 
of different vibronic bands. In contrast, the fine structure parameter, 'ε of the K=0 
stack, can be determined with great accuracy. Also the centrifugal distortion 
constant, DN’, is very important for obtaining a good fit, even if it is very small. 
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Table 4.5: Observed and calculated line positions for both the K=0 and K=1 stacks of the 
strong 14851 cm–1 vibronic band of 15N16O2. All values are in cm–1. 
 νobs νcalc Obs. – calc. 
K=0    
P8 (15/2) 14847.15 14847.20 –0.05 
P6 (9/2) 14847.15 14847.17 –0.02 
P6 (11/2) 14847.82 14847.76 0.06 
P4 (5/2) 14848.16 14848.19 –0.03 
P4 (7/2) 14848.61 14848.57 0.04 
P2 (1/2) 14849.51 14849.54 –0.03 
P2 (3/2) 14849.70 14849.70 0.00 
R0 (1/2) 14852.05 14852.07 –0.02 
R0 (3/2) 14852.22 14852.23 –0.01 
R2 (5/2) 14854.10 14854.10 0.00 
R2 (7/2) 14854.50 14854.47 0.03 
R4 (9/2) 14856.45 14856.44 0.01 
R4 (11/2) 14856.95 14857.03 –0.08 
R6 (13/2) 14859.04 14859.03 0.01 
R6 (15/2) 14859.85 14859.84 0.01 
    
K=1    
P7 (11/2) 14847.02 14847.04 –0.03 
P7 (13/2) 14847.15 14847.12 0.03 
P6 (9/2) 14847.50 14847.52 –0.02 
P6 (11/2) 14847.52 14847.54 –0.02 
P5 (9/2) 14847.82 14847.94 –0.13 
P4 (5/2) 14848.34 14848.40 –0.07 
P4 (7/2) 14848.34 14848.42 –0.09 
P3 (3/2) 14849.01 14848.99 0.03 
P3 (5/2) 14849.01 14849.03 –0.01 
R1 (3/2) 14853.18 14853.16 0.02 
R1 (5/2) 14853.18 14853.20 –0.02 
R2 (5/2) 14854.50 14854.40 0.10 
R2 (7/2) 14854.50 14854.41 0.08 
R3 (7/2) 14855.38 14855.38 0.00 
R4 (11/2) 14856.95 14856.95 0.00 
R5 (11/2) 14857.81 14857.85 –0.04 
R5 (13/2) 14857.94 14857.92 0.02 
R7 (15/2) 14860.58 14860.51 0.07 
R7 (17/2) 14860.58 14860.61 –0.03 
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As mentioned before, the ε’ parameters for the K=0 and K=1 stacks are fitted 
independently, since the levels of the two stacks may be affected differently by 
vibronic interactions. This procedure has only be applied to this band in view of the 
high spectral quality of the K=1 transitions that is generally lacking in most of the 
other bands listed in Table 4.4. This explains the differences for the constants listed 
for the 14851 cm–1 band in Table 4.6 – independent ε values for K=0 and K=1 – and 
Tables 4.3 and 4.4, where the standard procedure – one ε for both K=0 and K=1 – 
has been applied. From the values of the parameters one may infer that there is 
vibronic interaction, although from the high intensity of the band one might be 
tempted to conclude that it has strong 2B2 character with little mixing with the 
electronic ground state. The latter is also reflected in the increase of rotational 
constant upon electronic excitation. Whatever the explanation is of the high intensity 
of the 14851 cm–1 band, it can be used to advantage for remote sensing of the 
15N16O2 isotopologue, since there is no interference from nearby bands. 
 
Table 4.6: Spectroscopic constants of the strong 14851 cm–1 band of 15N16O2. All values 
are in cm–1. The values between brackets indicate 2σ uncertainties. 
νbo  14851.24(1) 
½ (B' + C')  0.468(1) 
½ (B' – C')  0.019(1) 
A'  7.690(10) 
(εbb' + εcc')/2 K =0  0.1068(1) 
(εbb' + εcc')/2 K =1 0.007(6) 
εaa' K =1 0.15(6) 
(εcc' – εbb')/4 K =1 –0.003(4) 
DN'  1.0(5)×10–4 
 
4.4. Discussion and Conclusion 
From the previous sections it becomes clear that both the variety in and the number 
of rovibronic transitions in the X 2A1 – A 2B2 is impressive. A stick diagram (Fig. 4.1) 
shows a clear polyad structure existing in the bright A 2B2 state and most of the 
individual bands have been rotationally resolved (Figs. 4.2 – 4.6), but it has not been 
possible to put vibrational labels to individual bands. As mentioned in the 
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introduction, this is due to the coupling of the ground X 2A1 and the lowest A 2B2 
electronic states above the conical intersection. Rotational fits, however, have been 
possible in most of the observed spectra. In Tables 4.3 and 4.4 the molecular 
parameters for the upper state component are summarized for K=0 and K=1 bands, 
respectively. Initially we hoped to find a clear relationship between values of the 
rotational constants and the degree of mixing of the electronic ground state and the 
first electronically excited state, but this relationship is far from obvious. Clearly most 
fitted bands – about 150 – result in ½(B’+C’) constants that are close to or within 5 % 
of the ground state value and no large geometry change is expected for these bands. 
This is shown in the histogram in Fig. 4.7 where the distribution of the ½(B’+C’) 
values is given. In a limited number of cases, however, a substantial (> 5%) increase 
is observed – e.g. in the case of the strong 14851 cm–1 band with a ½(B’+C’) value of 
0.47 cm–1. This indicates an upper level with strong A 2B2 electronic character. Also 
in a few cases ½(B’+C’) values are found that are substantially smaller than the 
ground state value. In these cases the bands generally turn out to be weak and the 
fitted constants should be regarded as effective parameters only. Analogously, a low 
value for the A–constant indicates a strong A 2B2 electronic character [4.2]. When  
A is low (< 7 cm–1) and ½(B’+C’) is large (> 0.45 cm–1) we can expect a significant  
A 2B2 electronic character. From Tables 4.3 and 4.4 it becomes clear that only a few 
bands, e.g. at 16324 and 16435 cm–1, fulfil this criterion and remarkably, these two 
bands are among the five strongest bands of polyad 9. In general, however, such 
conclusions cannot be made and the value of the rotational constants alone is clearly 
not sufficient to indicate the degree of vibronic mixing between the X 2A1 and A 2B2 
state. This frustrates efforts to categorize excited states according to strong or weak 
vibronic couplings with the aim to guide vibrational assignments. The fine structure 
constants behave even worse, for that matter, since they are also dependent on the 
particular rotational state. As for the determination of the degree of mixing of the two 
lowest electronic states, measuring hyperfine couplings from high resolution spectra 
seems to be a more preferable approach (see also Refs. [4.7–4.9]). Unfortunately, 
the simple relationship between hyperfine constant and degree of mixing of electronic 
states, is only valid in an energy region of a few thousands of wavenumbers just 
above the conical intersection [4.37]. 
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Figure 4.7: The histogram shows the distribution of ½(B’+C’) values found for the 
electronically excited state as listed in Table 4.3. The gaps are only given for clarity. 
 
Another approach to learn from the present data set and to compare the spectral 
features of the 15N16O2 isotopologue with those of the main isotopologue is by 
statistical arguments. The numbers of observed and calculated 2B2 vibronic levels are 
compared in order to estimate the fraction of (experimentally) missing vibronic levels. 
The calculated number is derived from a model of integrated density previously 
checked and used for the 14N16O2 isotopologue in the same energy range [4.15,4.17]. 
According to this model the smoothed integrated density N(E) – including both a1 and 
b2 vibrational symmetries – of the X 2A1 ground state of 14N16O2 is well described by a 
simple polynomial, consisting of two terms: 
 
( ) ( ) ( )606303 EEaEEaEN +×++×=  (4.7) 
 
The energy E is taken from the vibronic ground state (0,0,0) of the X 2A1 electronic 
ground state and E0 is the ZPE of the ground state which is 1871.05 cm–1 for 14N16O2 
and 1841.06 cm–1 for 15N16O2. The first term of N(E) represents the harmonic 
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contribution expected for a 3D oscillator. The second term, which takes into account 
anharmonic contributions, has been determined empirically by fitting the 
experimental N(E), including the full set of levels up to 11500 cm–1 [4.15]. The 
integrated density of the electronically excited state, A 2B2, is assumed to obey the 
same analytic form but with different parameters and with an energy shift that 
corresponds to an energy difference between the minimum of the A 2B2 and the 
minimum of the X 2A1 potential energy surface. 
The 15N versus 14N isotope effect on the a3 coefficient is easily derived from the 
isotope effect on the three harmonic frequencies: 
 
( ) ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
ωωω
ωωω×= *
3
*
2
*
1
321
2
14
32
15
3 NOaNOa  (4.8) 
 
where ω1, ω2, ω3 and *1ω , *2ω , *3ω  are the three harmonic vibrational frequencies of 
14N16O2 and 15N16O2, respectively. These three X 2A1 harmonic vibrational 
frequencies have been calculated for the two isotopologues with the same potential 
energy surface [4.38] in order to get the correct isotopologue ratio. Note that the 
harmonic vibrational frequencies evolve as the inverse of the square root of the 
masses. In contrast, the isotope effect on the a6×(E+E0)6 anharmonic term is not well 
characterized. In the studied range the numerical contribution of the anharmonic term 
is much smaller than the cubic term. According to Ref. [4.39] the Dunham 
anharmonicities, described by the six (xij) coefficients (1≤I, j≤3; i≥j) evolves as the 
inverse of the mass ratio. This gives for a6 of 15N16O2 a value that is derived from a6 
of 14N16O2 using: 
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1
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2
14
62
15
6 ⎟⎟⎠
⎞
⎜⎜⎝
⎛
ωωω
ωωω×= NOaNOa  (4.9) 
 
The same analytic formula has been used to calculate the contribution of the A 2B2 
excited state to N(E). All parameters used in the N(E) calculation are summarized in 
Table 4.7. 
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Table 4.7: Parameters used for 14N16O2 and 15N16O2 to predict the number of vibronic 
levels. 
 14N16O2 15N16O2 
 X 2A1 A 2B2 X 2A1 A 2B2 
a3 (cm–1) –3  1.0696×10–10 (a)  1.9×10–10 (c)  1.1201x10–10 (c)  2.0×10–10 (c)
a6 (cm–1) –3  4.66×10–24 (c)  6.66×10–24 (c)  4.75x10–24 (c)  7.32×10–24 (c)
C (cm–1)  1643.11 (a)  1151.26 (a)  1643.11 (a)  1151.26 (c)
α  1.197 (a)  1.056 (a)  1.197 (a)  1.056 (a)
E0 (cm–1)  1871.05 (b)  1843.7 (a)  1841.26 (a)  1814.3 (b)
∆E (cm–1)  0  9733.6 (a)  0 (a)  9734 (c)
(a): From Georges et al. [4.17]. 
(b): From Michalski et al. [4.36]. 
(c): Estimation. 
 
The calculated numbers of vibronic levels using Eqs. 4.7, 4.8 and 4.9 include all 
symmetries, namely the a1 and b2 vibrational symmetries of the C2v group for each 
electronic state. In contrast, the observed vibronic levels are only of 2B2 vibronic 
symmetry. Due to vibronic interactions between the X 2A1 and A 2B2 states the 
number of observed 2B2 vibronic levels is the sum of two contributions: the X 2A1 of b2 
vibrational symmetry and the A 2B2 of a1 vibrational symmetry. So, it is necessary to 
split the two N(E) values of the X 2A1 and A 2B2 electronic states in two parts 
corresponding to their respective a1 and b2 vibrational symmetries. At high energies, 
the a1 and b2 vibrational densities are similar but in the present range of 
measurements, their ratio is significantly different from unity. Numerically a formula 
has been derived [4.17] which describes the fraction (R) of the a1 and b2 vibrational 
levels as a function of the energy: 
 
( )
α
⎟⎟⎠
⎞
⎜⎜⎝
⎛
++= 01
5.0;
EE
CEaR  and ( )
α
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+−= 02
5.0;
EE
CEbR  (4.10) 
 
The sum of the R(a1;E) and R(b2;E) is obviously equal to unity. The levels of a1 
vibrational symmetry have an even number of quanta in the antisymmetric stretch 
mode (n3) and those of b2 vibrational symmetry have an odd value of n3. Note that 
the two ratios, R(a1;E) and R(b2;E), converge to 0.5 for increasing E. This analytic 
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form of the ratio is valid for the X 2A1 and A 2B2 electronic states but with slightly 
different coefficients which are available from Table III and Fig. 2 of Ref. [4.17]. The 
density of 2B2 vibronic levels integrated up to E is the sum of the contributions of b2 
levels of the X 2A1 state and the a1 levels of the A 2B2 state: 
 ( ) ( ) ( ) ( ) ( )EaREBANEbREAXNEBN ;;;;; 12221222 ×+×=  (4.11) 
 
The parameters of these analytic functions are given in Table 4.7 for 14N16O2 and 
15N16O2. The comparison between the calculated and observed number of 15N16O2 
2B2 vibronic levels is given in Table 4.8 for selected energy intervals. 
 
Table 4.8: Comparison between calculated and observed vibronic levels of 15N16O2 2B2 
symmetry in various energy ranges. 
Energy Range Ncal(X 2A1,b2) Ncal(A 2B2,a1) Ncal (2B2) Nexp (2B2) Nexp (2B2) 
14250–14825 32.7 8.3 41   18 (44%) 
14825–15425 37.8 10.3 48.1   35 (73%) 
15425–16025 41.9 12.1 54.0   38 (70%) 
16025–16625 46.5 14.0 60.5   39 (65%) 
16625–17250 51.7 16.3 68.0   44 (65%) 
14825–17250 180 53 233   159 (68%) 
17250–17950 (a) 67.2 22 89.2   48 (54%) (b) 
 
 
225 
(61%) 
(a): The hot bands cannot be discriminated in this range of 700 cm–1. 
(b): This number includes a few (most likely between 4 and 7) hot bands. 
 
Here it should be noticed that hot bands are extracted from the initial list in order to 
consider only the vibronic energies. The fraction of missing levels is significantly 
larger below 14825 cm–1, mostly because the absorption cross sections of NO2 
decrease to the red. In the range between 14825 to 17250 cm–1 the observed levels 
amount to 68 % of the calculated number. In the range above 17250 cm–1 cold and 
hot bands cannot be sorted any more. In this range 48 bands have been observed 
among which we expect about 4 to 7 hot bands. This means that the fraction of 
missing levels is also significantly larger than between 14825 to 17250 cm–1, mostly 
because the LIF spectrum is denser and more perturbed at high energies [4.40]. As a 
consequence the analysis of the statistical properties of vibronic energies and 
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intensities is performed only between 14825 and 17250 cm–1. In this frequency range 
159 2B2 vibronic levels have been observed while 233 2B2 vibronic levels (180 of X 
2A1 and 53 of A 2B2) are predicted by the model. This means that 68 % of the 2B2 
levels has been observed (or 32 % of the levels is missing). The number of observed 
and calculated 2B2 levels in the same energy range of the main isotopologue, 
14N16O2, amounts to 160 and 221, respectively, and the corresponding ratio is 72.5%, 
comparable to the results presented here for the 15N16O2 isotopologue. 
 
The distribution of measured LIF intensities has been compared with a Porter–
Thomas distribution which is typical for a chaotic system. As the limited S/N ratios 
prohibit an unambiguous identification of the weaker bands, an experimental 
threshold is defined in the Porter–Thomas distribution which allows an estimate of 
the fraction of missing levels. This fraction is about 30 % when the intensity 
modulation – that originates from the polyad structure – is taken into account. This 
result is in agreement with the fraction of 68 % of observed levels determined before 
from N(E). The Next Neighbour Distribution (NND) is a measurement of the “level 
repulsion” which is a measure for the strength of vibronic interaction. In order to deal 
with dimensionless spacings, the energy spectrum is “unfolded” and the energy 
spacings are normalized to unity [4.41]. As a result, σ, the second moment of the 
NND for the set of 159 vibronic levels is σ = 0.69. This value is significantly higher 
than σ = 0.53, the value expected for a fully chaotic system but significantly lower 
than σ = 1.0, the value of a random (Poisson like) distribution. From numerical 
estimations a value σ ≅ 0.6 is expected, when no levels are missing. This means that 
significant level repulsion is present within the vibronic levels of 15N16O2 in the  
14825 –17250 cm–1 energy range. This σ value is also close to the value measured 
for the 14N16O2 isotopologue. Similarly, the distribution of the ½(B’+C’) rotational 
constants derived for the 15N16O2 isotopologue has the same average and the same 
width as the one found for the 14N16O2 isotopologue [4.42]. When comparing 15N16O2 
and 14N16O2, the expected decrease of ½(B’+C’) due to the increase of the reduced 
mass is significantly smaller than the width of the distribution. 
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In summary, the overall average properties of the 15N16O2 spectrum in the studied 
range are rather close to those of the 14N16O2 main isotopologue. The envelopes of 
the room temperature absorption cross sections of these two isotopologues are 
resembling [4.43]. The polyad structure is present in the spectra of both species with 
a spacing of ≈ 720 and ≈ 715 cm–1 for 14N16O2 and 15N16O2, respectively. In contrast, 
the inner structures of the corresponding polyads seem to be completely different for 
the two isotopologues. For example, the seventh polyad of 15N16O2, around  
14800 cm–1, displays a single very dominant vibronic band at 14851 cm–1 (see 
section 4.3.5). This band carries almost half of the total intensity of the seventh 
polyad. The same polyad of 14N16O2, on the contrary, displays several vibronic bands 
with comparable intensities whereas the third and the fifth polyad are also dominated 
by a single strong band. Our tentative interpretation of these observations is the 
following: in each polyad the zero order bright character is located in a very few zero 
order A 2B2 vibronic levels. According to Frank–Condon calculations performed for 
the main isotopologue, the two dominant bright levels are the (0, υ2,0) and (1, υ2–2,0) 
vibrational A 2B2 excitations where υ2 is the bending quantum number (which is also 
the polyad number). These zero order levels interact with a dense set of X 2A1 levels 
that are shifted and scrambled by isotope substitution. As a result, in most of the 
polyads the bright character is distributed among several vibronic eigenstates but in a 
few polyads the bright character remains located in a few eigenstates. A comparison 
of the polyad structure observed in room temperature absorption spectra of six 
isotopologues is in progress [4.43]. As various isotopologues of NO2 share the same 
potential energy surface, we expect to learn more about the conical intersection 
through the comparison of spectra of different isotopologues. Of special interest will 
be the difference between symmetric and asymmetric isotopologues, resulting in 
symmetry forbidden or allowed vibronic transitions. In addition, asymmetric 
isotopologues have rotational spectra twice as dense as the symmetric ones. The 
work done to classify the 16O14N18O isotopologue is described in Chapter 5. 
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Chapter 5 
 
 
 
 
High resolution electronic study of 
14N16O2, 16O14N18O and 14N18O2a: 
A rovibronic survey covering 11800 – 14380 cm–1 
 
The 11800 – 14380 cm–1 frequency range has been scanned for rotationally resolved 
rovibronic transitions in the A 2B2 – X 2A1 electronic band system of the symmetric 
(C2v) 16O14N16O and 18O14N18O isotopologues and in the corresponding electronic 
band system of the asymmetric (Cs) 18O14N16O isotopologue. The rotational analysis 
– reflecting minor differences in mass – in combination with symmetry induced 
spectral differences allows an identification of 68 16O14N16O vibronic levels,  
26 18O14N18O vibronic levels and 51 18O14N16O vibronic levels. The bands are 
recorded using near infrared fluorescence spectroscopy and a piezo valve based 
pulsed molecular beam expansion of premixed 18O2 and 14N16O in Ar. The majority of 
the observed bands is rotationally assigned and can be identified as transitions 
starting from the vibrational ground state of one of the isotopologues. Numerous hot 
bands have also been identified. A comparison of the overall spectroscopic features 
of C2v vs. Cs symmetric species provides qualitative information on symmetry 
dependence of vibronic couplings.  
 
 
                                                 
a This chapter is based upon: High resolution electronic study of 16O14N16O, 16O14N18O and 18O14N18O: A 
rovibronic survey covering 11800 – 14380 cm–1, E.A. Volkers, J. Bulthuis, S. Stolte, R. Jost, H. Linnartz, J. Mol. 
Spectrosc. 238 (2006) 11–22. 
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5.1. Introduction 
In recent years several spectroscopic studies have focused on the complexity of the 
A 2B2 – X 2A1 electronic spectrum of nitrogen–dioxide, NO2 [5.1–5.17]. This spectrum 
is very dense and vibronically highly irregular as a consequence of a strong vibronic 
coupling between the X 2A1 ground state and the lowest electronically excited A 2B2 
state via the asymmetric stretch coordinate of b2 symmetry. The interaction takes 
place above the conical intersection of the two potential energy surfaces at a rather 
low energy of about 10000 cm–1 and as a consequence, spectral features have been 
vibronically assigned only well below and close to the conical intersection. For higher 
energies vibrational assignments are generally ambiguous because of significant 
vibronic couplings.  
In the last decade studies have been reported that mainly focus on the main 
isotopologue; 16O14N16O. These comprise applications of a number of techniques, 
such as ICLAS [5.18], CRD [5.19], LIF [5.20] and bolometric detection [5.10,5.12]. 
For the other isotopologues optical information is largely lacking, mainly because of 
problems related to the high costs involved in studying 15N– and 18O–isotopes. For 
this reason we have recently constructed a spectroscopic setup in which large 
frequency domains are scanned automatically with high sensitivity and high spectral 
accuracy at a minimal gas consumption Chapter 3. In this way more than  
250 rotationally resolved vibrational bands of the A 2B2 – X 2A1 electronic transition of 
the 16O15N16O isotopologue have been observed in the 14300 –18000 cm–1 range 
(Chapter 4) and the present study is an extension of this work to the symmetric 
18O14N18O and asymmetric 16O14N18O isotopologues in the 11800–14380 cm–1 range. 
This energy range covers roughly polyads 3 to 6 of the A 2B2 state (see Figure 2 of 
Ref. [5.15]). In addition, more accurate information for the main isotopologue in this 
frequency domain has been obtained. The recorded rotational spectra reflect the 
differences in molecular masses, resulting in rotational constants with average values 
around 0.42, 0.40 and 0.38 cm–1 for 16O14N16O, 18O14N16O and 18O14N18O, 
respectively. C2v and Cs species yield clearly different spectra. 
 
The present paper is organized in the following way. After a short overview of the 
experimental procedure, results are presented for the three isotopologues in their  
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A 2B2 – X 2A1 (A 2A’ – X 2A’) electronic band systema. The spectroscopic fitting 
procedure is shortly discussed and examples are shown to visualize typical spectra 
from which the spectroscopic constants are derived. The spectroscopic constants are 
summarized in three separate overview tables. The paper ends with a spectroscopic 
section in which differences that are due to symmetry properties are discussed. 
 
5.2. Experiment 
The experimental setup has been described in Chapter 3. The second harmonic of a 
Nd:YAG laser is used to pump a tunable dye laser covering the energy range of 
11800 to 14380 cm–1 using Styryl 9, 8 and 7 dyes with a typical bandwidth of  
0.07 cm–1. The laser beam is focused onto an expanding beam of a premixed 5 % 
18O2/14N16O (1:2) in Ar sample. Oxidation and isotope exchange reactions in the 
mixture result in the presence of both 16O14N16O, 18O14N16O and 18O14N18O species. 
This has been tested by recording a mass spectrum of sample gas that is discharged 
by electron impact ionization through a cw expansion and subsequently monitored by 
a quadrupole mass spectrometer a few centimeters downstream [5.22,5.23]. Strong 
mass peaks are found at the corresponding masses of 46, 48 and 50 amu. The small 
gas consumption is achieved by using a high intensity piezo electric pulsed molecular 
beam source that is optimized for a well–defined short pulse shape with an opening 
time of 150 µs. A LN2 cooled Ge detector (North Coast EO–817L), sensitive in the 
0.8–1.7 µm region, is used to monitor the fluorescence zone that is about 1.5 cm 
downstream of the nozzle orifice. Cut–off filters are used to shield the detector from 
residual laser light. Typically 10 laser shots are averaged for each data point for the 
stronger bands and up to 40 laser shots for the weaker ones. An absolute frequency 
calibration with an accuracy better than 0.05 cm–1 is obtained by simultaneously 
recording the output of a wavemeter. As the setup has been designed for fully 
automatic scanning over large frequency ranges an etalon signal with a FSR of  
1.22 cm–1 is recorded to correct for non–linearities. An additional check of the 
absolute frequencies is also possible from band origin positions available for the 
main isotopologue in this frequency domain [5.18]. A comparison of the absolute 
band intensities in different frequency regimes is hard, mainly because of problems 
                                                 
a Throughout this whole chapter the diabatic labelling A 2B2 – X 2A1 is used. 
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related to frequency dependent power variations of the dye laser. Within the band 
structure of one isotopologue, however, relative intensities are used to guide the 
rotational assignments. 
 
5.3. Results and interpretation 
The 11800 – 14380 cm–1 frequency region has been scanned at high resolution and 
this has resulted in the detection of more than 170 bands. The majority of these 
bands is assigned to rovibronic transitions originating from 16O14N16O (80),  
18O14N18O (29) or 18O14N16O (61) transitions, starting from the vibrational ground 
state or from vibrationally excited (hot band) levels. Band origin positions have been 
published before for the main isotopologue [5.11,5.18] but accurate fits are lacking. 
Resolved rovibronic data are not available for the other two isotopologues. So far 
only pure rotational and rovibrational studies have been performed that provide 
accurate ground state rotational constants for the majority of isotopic combinations 
[5.24–5.29]. These constants are summarized in Table 2.2. In Figs. 5.1, 5.2 and 5.3 
rotationally resolved spectra are presented for typical bands of 16O14N16O, 18O14N18O 
and 18O14N16O, respectively, in the A 2B2 – X 2A1 electronic system. The 
corresponding line positions are given in Tables 5.1, 5.3 and 5.5, respectively. The 
number of rotational transitions per band is limited because of the low rotational 
temperature (~ 10 K). The vibrational temperature is much higher and results in the 
appearance of a number of hot bands. These start mainly from the excited bending 
state (υ1,υ2,υ3) = (0,1,0) and in a few exceptional cases from (1,0,0) for 16O14N16O. 
The rotational and vibrational values used for these bands are listed in Table 2.2 as 
well. These hot bands (indicated by HB in the overview Tables 5.2, 5.4 and 5.6) are 
easily identified by determining differences in band origin positions and comparing 
excited state rotational and fine structure constants that must be identical for hot 
band and corresponding cold band (CB). From the figures it becomes clear that there 
exists a clear difference in spectral appearance between C2v (Figs. 5.1 and 5.2) and 
Cs (Fig. 5.3) species. For symmetric isotopologues only even (odd) rotational 
quantum numbers are allowed in the K=0 stack of A1 (B2) vibronic symmetry. In the 
asymmetric case no symmetry limitation exists and all subsequent transitions are 
observed, resulting in regular series of P– and R–branch transitions, independent of 
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the K–value. For K=1 states transitions starting from all levels are observed as well 
as Q–branch transitions. These K=1 transitions can be hard to identify because they 
are significantly weaker and less regular (larger spin–splittings) than K=0 sub–bands. 
This is due to the cooling in the expansion and because the intensity is spread over a 
larger number of allowed transitions. In addition, it happens that a K=1 sub–band 
shifts outside its corresponding K=0 sub–band and consequently will be hard to 
recognize. In the case of 15N16O2 (Ch. 4) about 30 K=1 sub–bands on a total of  
250 bands were identified. In the present case substantially less and mainly 
16O14N16O transitions are unambiguously identified as originating from K=1. For the 
other two isotopologues, particularly 18O14N16O, only Q–branches have been 
observed for K=1. It is clear that a larger set of K=1 bands is expected, but under the 
present experimental conditions, a substantial number of K=1 transitions is definitely 
not observed. Finally, also fine structure splittings are observed, mainly for the 
16O14N16O isotopologue, whereas for 18O14N16O and also 18O14N18O the number of 
bands with resolvable splittings is substantially smaller. 
 
In the three overview tables the spectroscopic constants are summarized for all 
identified bands. The center frequencies that are used in the fits are determined by 
fitting individual transitions by a Gaussian function. To account for the full rotational 
spectrum the Hamiltonian should consist of terms describing the rigid rotor part, the 
fine structure interaction and distortional effects: H = Hrigid + Hfs + Hcf. This has been 
explained in detail in Chapter 4 and is repeated here for clarity. Since NO2 is a nearly 
symmetric top, energy levels are described by 
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 (5.1) 
 
where νbo indicates the band origin, A, B and C are rotational constants, N is the 
rotational quantum number, K is the projection of N on the molecular a–axis and C1, 
C2 and C3 are constants defined in Appendix III of Ref. [5.30]. Note that the 
 
Chapter 5 
104   
asymmetric top contributions C1, C2 and C3 are zero for K=0. Values of the rotational 
constants for all isotopologues with corresponding references are summarized in 
Table 2.2. 
 
In the fit program the series expansion is carried to the third order. This is more than 
sufficient for the experimental accuracy of the line positions in our measurements. In 
a limited number of cases also fine structure is resolved and the observed splittings 
are fitted – independently for K=0 and K=1 sub–bands – using an expression for the 
spin–rotation energy of an asymmetric top molecule given by 
 ( ) ( ) ( )[ ]11121 +−+−+ε= SSNNJJE NSR  (5.2) 
 
where, for a molecule with C2v symmetry, εN can be written in terms of diagonal 
tensor elements only 
 
( ) ( )( ) ( )ccbbKccbbaaccbbN KNN ε−εδ±+
ε+ε−ε+ε+ε=ε 1,4122
1
2
1
1
 (5.3) 
 
The + and – sign corresponds to the symmetric and antisymmetric Wang 
combination of symmetric top functions, respectively. For |K|=1, δ|K|,1 is unity and zero 
otherwise. Each rotational level splits into two levels, with J = N + ½ and J = N – ½, 
leading to respective energy shifts of ½NεN and –½(N+1)εN. For the electronic and 
vibrational ground state, the fine structure coupling is relatively small as can be seen 
from Table 2.2. In the fit program we have used the listed values as taken from Ref. 
[5.24] for 16O14N16O and from Ref. [5.27] for 18O14N16O. For 18O14N18O experimental 
values are unavailable, but as K=1 bands have not been observed for this specific 
isotopologue and as for K=0 sub–bands only ( )ccbbN ε+ε=ε 21  counts, this does not 
matter. From the fitted excited state ε’ values listed in the overview tables, it becomes 
clear that both magnitude and sign vary greatly between different vibronic states. 
This variability is the very consequence of (ro)vibronic interactions, since the ε’ 
values depend strongly on the degree of mixing of the coupled states. 
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The centrifugal distortion part of the Hamiltonian is written as 
 
( )22 1+= NNDH Ncf  (5.4) 
 
On the basis of experimental data [5.31] DN is expected to be of the order of  
10–4 cm–1. At the low final rotational temperature in the beam only a few low lying 
levels are populated and including Eq. (5.4) into the fit only makes sense in those 
(few) cases where several levels (N>5) are observed. 
 
In the next three paragraphs spectra recorded for the individual isotopologues are 
discussed in detail. Only bands with acceptable S/N are taken into account. Weak 
bands, for which only a few transitions are observed and accurate fits are not 
possible, are not listed. 
 
5.3.1. 16O14N16O 
A typical example of a rotationally resolved rovibronic band of symmetric 16O14N16O 
in its X 2A1 – A 2B2 electronic system is shown in Fig. 5.1. The band appearance 
represents the most complicated case in which both K=0 and K=1 bands and also 
fine structure splitting is observed. The assignment is indicated in the figure. For K=0 
only even N–levels are symmetry allowed and as a consequence the K=0 sub–band 
consists of P2,4,6 and R0,2,4,6 transitions. Q–branch transitions are not allowed in K=0 
but become visible in the K=1 sub–band. In this K=1 sub–band also N–transitions 
starting from odd levels become possible, which can be clearly observed from  
Fig. 5.1; the number of transitions in the K=1 sub–band is about twice the number 
found for K=0. For ‘pure’ K=0 bands, only an effective rotational constant  
'B  = ½(B’+C’) can be derived. In the case of a resolved K=1 band also the  
A’ constant and independent values for B’ and C’ are determined. For the band 
shown in Fig. 5.1 all line positions are listed in Table 5.1. The frequencies are fitted 
following the procedure described in the previous paragraph and this yields  
values for the band origin νbo = 12702.77 cm–1, the rotational constants  
A’= 8.20 cm–1, B’= 0.413 cm–1 and C’= 0.394 cm–1 and the fine structure constants 
εK=0’ = 0.036 cm–1 εaa’ = –0.036 cm–1, εbb’ = –0.027 cm–1 and εcc’ = 0.076 cm–1. These 
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values are in reasonable agreement with those reported in Ref. [5.11]. Note that the 
fine structure constants determined for the K=0 and K=1 sub–bands often slightly 
differ. This is due to the numerous rovibronic interactions which affect differently the 
various K manifolds as observed and analyzed for the 16O14N16O isotopologue [5.17]. 
The resulting obs.–calc. values that are listed in Table 5.1, are typically of the order 
of 0.05 cm–1 which is smaller than the line width of the laser system. 
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Figure 5.1: An example of a typical band within the A 2B2 – X 2A1 electronic system of 
16O14N16O consisting of K=0 and K=1 sub–bands, both with resolved fine structure. For 
K=0 only transitions starting from even N–levels are observed, for K=1 transitions both 
odd and even N–levels are involved. In addition, a Q–branch becomes visible. The line 
positions with assignment are listed in Table 5.1 and the resulting constants are available 
from Table 5.2 (CB14). 
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Table 5.1: Observed and calculated line positions for both K=0 and K=1 sub–bands of 
the band at 12703 cm–1 (CB14 – Table 5.3) in the A 2B2 – X 2A1 electronic system of 
16O14N16O as shown in Fig. 5.1. All values are in cm–1. 
  νobs νcalc Obs. – calc. 
K=0    
P6 (9/2) 12697.07 12697.08 –0.01 
P6 (11/2) 12697.31 12697.31 0.00 
P4 (5/2) 12699.12 12699.10 0.02 
P4 (7/2) 12699.24 12699.24 –0.00 
P2 (1/2) 12701.03 12701.01 0.02 
P2 (3/2) 12701.03 12701.06 –0.04 
R0 (1/2) 12703.58 12703.54 0.04 
R0 (3/2) 12703.58 12703.59 –0.02 
R2 (5/2) 12705.03 12705.01 0.02 
R2 (7/2) 12705.15 12705.15 0.00 
R4 (9/2) 12706.33 12706.37 –0.04 
R4 (11/2) 12706.60 12706.59 0.00 
K=1    
P7 (13/2) 12696.57 12696.53 0.04 
P7 (11/2) 12696.57 12696.55 0.02 
P6 (9/2) 12697.23 12697.19 0.04 
P6 (11/2) 12697.45 12697.43 0.01 
P5 (9/2) 12698.44 12698.48 –0.05 
P4 (5/2) 12699.37 12699.27 0.10 
P4 (7/2) 12699.37 12699.39 –0.02 
P3 (5/2) 12700.30 12700.36 –0.06 
P3 (3/2) 12700.49 12700.43 0.06 
P2 (3/2) 12701.20 12701.22 –0.02 
Q2 (5/2) 12702.74 12702.77 –0.03 
Q2 (3/2) 12702.84 12702.88 –0.04 
Q1 (3/2) 12702.95 12702.94 0.01 
Q1 (1/2) 12702.95 12703.04 –0.10 
R1 (5/2) 12704.46 12704.49 –0.03 
R1 (3/2) 12704.72 12704.66 0.07 
R2 (7/2) 12705.41 12705.37 0.05 
R3 (9/2) 12705.94 12705.97 –0.03 
R3 (7/2) 12705.94 12706.03 –0.09 
R4 (11/2) 12706.87 12706.84 0.03 
R5 (13/2) 12707.40 12707.34 0.06 
R5 (11/2) 12707.40 12707.38 0.02 
R6 (13/2) 12707.87 12707.90 –0.02 
R6 (15/2) 12708.24 12708.24 –0.00 
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In total 80 bands are identified as originating from 16O14N16O and in six cases an 
unambiguous identification of K=1 sub–bands has been possible. In most cases a 
fine structure splitting is resolved. In total 11 bands can be assigned as originating 
from a hot band (0,1,0). For this isotopologue it is possible to label all observed 
bands with CB or HB as transitions in the range above 14380 cm–1 are available from 
Ref. [5.20]. The averaged ν2 value that follows from these differences amounts to 
749.67(8) cm–1, which is in perfect agreement with the value listed in Table 2.2. The 
results are summarized in Table 5.2a for K=0 and in Table 5.2b for K=1. All these 
bands except one (CB58) have been reported in previous studies [5.11,5.20]. Note 
that the rotational and spin constants should only be considered as effective values 
describing the low lying rotational components (N=1, 3, 5). In fact, rovibronic 
interactions perturb randomly the levels as mentioned and discussed previously 
[5.20]. The differences that exist between results listed in Table 5.2 of this paper and 
Table I of Ref. [5.11] are mostly due to the presence of local rovibronic perturbations 
which may or may not have been detected. 
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5.3.2. 18O14N18O 
In Fig. 5.2 a rotationally resolved rovibronic band of the symmetric 18O14N18O in its  
X 2A1 – A 2B2 electronic system is shown. The spectroscopic behaviour is expected to 
be identical to that observed previously for symmetric xOyNxO species with the 
exception that for 18O14N18O the ground state rotational constant ( "B = 0.38 cm–1) 
amounts to about 90 % of that determined for 16O14N16O and 16O15N16O  
( "B = 0.42 cm–1) – see Table 2.2. As a consequence the smaller rotational spacings 
allow a clear distinction between bands originating from the main isotopologue and 
18O14N18O.  
 
13710 13712 13714 13716 13718 13720
 LI
F 
In
te
ns
ity
Energy (cm-1)
P4
5/2
7/2
P2
3/2
1/2
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3/2
1/2
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5/2 7/2
 
Figure 5.2: An example of a typical band within the A 2B2 – X 2A1 electronic system of 
18O14N18O consisting of a K=0 sub–band with resolved fine structure. The line positions 
with assignment are listed in Table 5.3 and the resulting constants are available from 
Table 5.4 (CB16). 
 
In total 28 bands have been observed; the majority has a ‘pure’ K=0 sub–band 
appearance, with one exception for which a weak K=1 band can be assigned (not 
listed in the table). Two bands are assigned as originating from a hot band (0,1,0) 
and only a few bands exhibit resolvable fine structure splitting. The line positions of 
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the band shown in Fig. 5.2 are listed in Table 5.3 and (obs.–calc.) values  
are determined from a fitting procedure as described before. The fit yields  
νbo = 13715.51 cm–1, an effective rotational constant 'B = 0.356 cm–1 and a fine 
structure constant of 'ε  = 0.153 cm–1. A summary of the results obtained for all 
18O14N18O bands is given in Table 5.4. 
 
Table 5.3: Observed and calculated line positions for the K=0 band identified at  
13715 cm–1 (CB16 – Table 5.4) in the A 2B2 – X 2A1 electronic system of 18O14N18O as 
shown in Fig. 5.2. All values are in cm–1. 
  νobs νcalc Obs. – calc. 
K=0    
P4 (5/2) 13711.93 13711.95 –0.02 
P4 (7/2) 13712.49 13712.49 –0.00 
P2 (1/2) 13713.81 13713.81 –0.00 
P2 (3/2) 13714.04 13714.04 –0.00 
R0 (1/2) 13716.07 13716.06 0.00 
R0 (3/2) 13716.30 13716.29 0.00 
R2 (5/2) 13717.23 13717.21 0.02 
R2 (7/2) 13717.76 13717.75 0.00 
 
Two of the 11 bands labelled #16 to 26 in Table 5.4 are assigned as cold band, but 
for the remaining bands this is not possible because of lacking spectral data above 
14380 cm–1. Using the ratio of the number of hot and cold bands observed in the 
main isotopologue (see Table 5.3a), we statistically expect only one hot band among 
these unlabelled bands. Two bands (HB19 and HB23) (in the range of the 1 to 15 CB 
series) are unambiguously identified as a hot band and this allows an accurate 
experimental determination of ν2 (18O14N18O) = 722.3(3) cm–1. This is very close to 
the values of 722.8 and 722.9 cm–1 given in Refs. [5.28,5.29]. 
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5.3.3. 18O14N16O 
A typical spectrum for the asymmetric 18O14N16O is shown in Fig. 5.3. Because of the 
symmetry loss (C2v Æ Cs) all energy levels in K=0 are allowed now and as a 
consequence regular, i.e. subsequent P– and R–branch transitions are observed. 
The line positions are listed in Table 5.5. A fit results in a band origin of  
11927.58 cm–1 and rotational parameters A’ = 8.89 cm–1 and ½(B’+C’) = 0.425 cm–1. 
Obs.–calc. values are listed as well. In total 63 bands have been observed that can 
be assigned unambiguously to the asymmetric 18O14N16O. There are eight hot bands 
starting from (0,1,0) below 13600 cm–1. This allows for a first time to determine 
experimentally a value for the ν2 vibration: 736.36(12) cm–1. The rotational 
parameters in the electronic ground state for these bands are estimated from the 
(0,0,0) values as available from [5.27]. Above 13640 cm–1, among the 25 observed  
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Figure 5.3: An example of a fully resolved rovibronic transition of 18O14N16O consisting of 
a K=0 sub–band with observable fine structure for higher N–values. In the asymmetric 
species (Cs symmetry) transitions starting from odd and even N–levels are observed. The 
line positions with assignment are listed in Table 5.5 and the resulting constants are 
available from Table 5.6 (CB3). Although no K=1 transitions have been analyzed for this 
isotopologue, Q–branches of K=1 sub–bands are visible as can be seen from this figure. 
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bands, seven bands are cold bands because the corresponding hot bands have been 
observed at longer wavelengths. Using the ratio of hot and cold bands observed for 
the main isotopologue, we estimate that only (2 ± 1) of the 18 unassigned bands are 
hot bands. Globally, this gives (53 ± 1) cold bands and (10 ± 1) hot bands in the 
studied range. 
A number of Q–branches have been observed that must be due to K=1 sub–bands. 
Although no complete K=1 sub–bands have been identified – presumably because of 
overlap – Q branches of the K=1 sub band have been assigned for 15 vibronic 
bands. For these bands the value of the rotational A’ constant has been estimated.  
 
The band shown in Fig. 5.3 shows clear fine structure splitting for higher N–levels, 
but in most cases fine structure is not observed for this isotopologue. An overview 
with the constants of all observed bands for this isotopologue is given in Table 5.6.  
 
Table 5.5: Observed and calculated line positions for the K=0 band identified at 11928 
cm–1 (CB3 – Table 5.6) for the asymmetric 18O14N16O isotopologue as shown in Fig. 5.3. 
All values are in cm–1. 
  νobs νcalc Obs. – calc. 
K=0    
P7  11922.95 11922.96 –0.01 
P6 (9/2) 11923.47 11923.50 –0.03 
P6 (11/2) 11923.66 11923.52 0.14 
P5  11924.10 11924.08 0.01 
P4  11924.67 11924.69 –0.02 
P3  11925.33 11925.34 –0.01 
P2  11926.05 11926.04 0.01 
P1  11926.79 11926.78 0.01 
R0  11928.44 11928.43 0.02 
R1  11929.32 11929.33 –0.01 
R2  11930.23 11930.27 –0.04 
R3  11931.28 11931.26 0.02 
R4 (9/2) 11932.21 11932.27 –0.05 
R4 (11/2) 11932.40 11932.29 0.12 
R5  11933.25 11933.32 –0.07 
R6  11934.40 11934.38 0.03 
K=1    
Q1  11928.66 11928.66 0.00 
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5.4. Discussion 
The majority of the results presented here is new. So far no electronically excited 
state constants have been derived for the 18O14N18O and 18O14N16O species and the 
bands presented here for 16O14N16O have been fitted in an accurate way 
independently from results presented in earlier studies [5.11,5.18]. It is interesting at 
this stage to investigate whether the extensive data sets for both symmetric 
(16O14N16O, 16O15N16O (Ch. 4) and 18O14N18O) and asymmetric 18O14N16O 
isotopologues can be used to quantify the symmetry dependence of vibronic 
couplings. Such a dependence should be reflected in the molecular parameters.  
Initially we hoped to find a clear relationship between values of the rotational 
constants and the degree of mixing of the electronic ground state and the first 
electronically excited state, but this relationship is far from obvious. Clearly most of 
the fitted bands result in ½(B’+C’) constants that are close to or within 5 % of the 
ground state value. This is illustrated for the four isotopologues in Fig. 5.4 where the 
distribution of the ½(B’+C’) values is given. This distribution peaks around the value 
that corresponds to a common equilibrium geometry with appropriate change of 
masses. For the isotopologues studied here average values for ½(B’+C’) of  
0.420(27) cm–1 for 16O14N16O, 0.402(19) cm–1 for 18O14N16O and 0.375(17) cm–1 for 
18O14N18O) are derived in the studied energy range. In a limited number of 
particularly stronger bands, a substantial (> 5%) increase of ½(B’+C’) is observed 
and this indicates an upper level with strong A 2B2 electronic character. In contrast, 
also a few ½(B’+C’) values are found that are significantly smaller than the average; 
in these cases the bands turn out to have a weak intensity and the fitted constants 
should be regarded as effective parameters only. 
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Figure 5.4: Four histograms showing the distribution of ½(B’+C’) values found for the 
electronically excited state as available from Chapter 4 for the symmetric 16O15N16O and 
from this work for both the symmetric 16O14N16O and 18O14N18O (Tables 5.2 and 5.4) and 
asymmetric 18O14N16O species (Table 5.6). Note that the energy range studied in Chapter 
4 and in the present work are different. 
 
 A strong A 2B2 electronic character can also be predicted for bands with substantially 
lower A–values (< 7 cm–1). These considerations, however, are clearly not sufficient 
to conclude on the degree of vibronic mixing between the ground and electronically 
excited state. This frustrates efforts to categorize excited states according to strong 
or weak vibronic couplings and to use such information for a vibrational assignment. 
However, additional information on the vibronic coupling strength and its symmetry 
dependence can be derived from the number of observed vibronic transitions, a 
comparison of relative intensities and the size of the fine structure splitting. 
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The investigated energy range is relatively close to the conical intersection which is 
located just below 10000 cm–1, and this is indeed reflected in an overall spectrum 
that is substantially less dense than observed for higher energies. For an asymmetric 
NO2 isotopologue one expects a vibronic density approximately twice as large as for 
a symmetric isotopologue because of the merging of B2 and A1 species (in C2v 
symmetry) into a single A’ species (in Cs symmetry). This is roughly confirmed in the 
present study by the ratio of the number of observed cold bands for 18O14N16O and 
18O14N18O – 51 to 25 – that is close to 2. However, the numbers of 16O14N16O and 
18O14N18O cold bands should be about the same in the studied energy range for the 
used mixture and this is clearly not the case. This discrepancy is not fully understood 
and may be due to an oxygen isotope exchange process between NO2 and other 
compounds in favour of 16O containing isotopologues. A detailed study of the relative 
intensities of the various vibronic bands of the three isotopologues should allow to 
understand this discrepancy. Unfortunately, fast degrading infrared dyes prohibit a 
direct measurement of relative intensities. This experimental limitation can be 
countered by using previously recorded 16O14N16O data [5.11,5.20] as a set of 
reference intensities to normalize the present results. This analysis is outside the 
scope of the present work.  
In addition, a global weakening of the fine structure splittings of vibronic bands of Cs 
geometry has been observed: the value of the average fine structure splitting of 
18O14N16O is about a factor 10 smaller than for 16O14N16O. Work is currently in 
progress to relate the intensity pattern and the size of the fine structure splitting to 
symmetry dependent vibronic coupling strengths. This will be topic of a separate 
paper [5.32]. 
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5.6. Appendix – unidentified bands 
In total 170 bands have been identified and assigned to one of the three 
isotopologues studied in this work. In the frequency region of 11800–14380 cm–1 five 
more bands have been observed that have not been identified. These bands are very 
comparable to the Cs and C2v spectra shown in Figs. 5.1–5.3, but the rotational 
ground state constants that have to be used to reproduce the observed transitions 
are far from any value listed in Table 2.2. The list with bands and derived constants is 
listed for completeness in Table 5.7. 
 
Table 5.7: Overview of bands with effective constants that cannot be assigned to a 
regular band of one of the isotopologues studied here. All values are in cm–1. 
Origin ½(B''+C'') ½(B'+C') ½(ε22'+ε33') ∆(½(B'+C'))×103 Symmetry 
12379.31 0.311 0.327 0 1.4 C2v 
12775.30 0.294 0.298 0 0.3 Cs 
12818.45 0.315 0.324 –0.12 0.5 C2v 
12878.53 0.315 0.316 0 0.6 C2v 
12903.78 0.316 0.324 –0.11 0.2 C2v 
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High resolution electronic study of 
15NO2 near the dissociation limita: 
A rovibronic survey covering 22700 – 24050 cm–1 
 
The time gated laser induced fluorescence (LIF) excitation spectrum of adiabatically 
cooled 15N16O2 shows numerous rotationally resolved vibronic bands in the 22700–
24050 cm–1 region. In this energy range the rovibronic structures are irregular and 
only angular momentum labelling is possible. These isolated rovibronic transitions, 
however, are highly suited for laser induced dispersed fluorescence spectroscopy 
(LIDFS). Accurate lists with transition frequencies – mainly R0 and R2 transitions – 
are provided. 
 
                                                 
a This chapter is based upon: Vibronic spectrum of 15N16O2 between 415 and 440 nm, E.A. Volkers, J. Bulthuis, S. 
Stolte, R. Jost, N. Wehres, H. Linnartz, submitted to J. Mol. Spectrosc. (2007). 
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6.1. Introduction 
In the last three decennia the NO2 molecule has been topic of intense spectroscopic 
research. The reason for this interest is twofold. On one side NO2 is an 
atmospherically relevant species known to play a key role in a number of reaction 
schemes, both as a buffer gas (ozone depletion), as a precursor (e.g. NO formation 
upon photo–dissociation) and as a reactive intermediate (e.g. in the formation of 
HONO or HNO3 that are precursors of acid rain). On the other side the interpretation 
of the visible and near–infrared spectrum has turned out to be a spectroscopic 
challenge. NO2 seems to be a rather simple molecule – three atoms and a nearly 
symmetric top (coat–hanger like) molecular geometry – but the electronic NO2 
spectrum is highly complex. This is due to a vibronic coupling between the X 2A1 
electronic ground state and the first electronically excited A 2B2 state via the anti–
symmetric stretch coordinate with b2 symmetry, favoured by a rather low lying conical 
intersection (~10000 cm–1) between the potential energy surfaces of these two 
states. In fact, NO2 has become a prototype molecule for studies of strong 
intramolecular couplings and statistical approaches have been used to handle the 
(vibronic) level spacing distribution that have characteristics of a chaotic systems 
[6.1,6.2]. A number of experimental and theoretical studies have addressed this 
problem. Laser induced dispersed fluorescence spectroscopy (LIDFS) [6.3], laser 
induced fluorescence (LIF) [6.4], cavity ring down [6.5] and bolometer [6.6] studies 
have provided a wealth of spectroscopic data. For the main isotopologue 14N16O2 this 
has resulted recently in a simulation of the time domain non–adiabatic dynamics of 
the molecule on the coupled X2A1 and A2B2 electronic states [6.7]. So far about  
300 vibronic levels below and just above the conical intersection have been 
vibronically assigned [6.3], for higher energies identifications are still ambiguous and 
above 16500 cm–1 spectra are essentially vibronically chaotic [6.1,6.2].  
The majority of the electronic studies of NO2 have focused on the main isotopic 
species: 14N16O2. Large gas consumption has prohibited systematic studies of the 
less abundant isotopologues. In a recent article we have reported the construction of 
an ultra–sensitive time gated LIF setup with a gas consumption as low as  
0.5 µmol/cm–1 spectral range [6.8]. This has made possible the detection of hundreds 
of new bands in the 12000–18000 cm–1 region of different xOyNzO isotopologues, 
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such as 15N16O2, 16O14N18O and 14N18O2 [6.9,6.10]. An extension to lower energies, 
i.e. to the more regular part of the potential well, has not been possible, particularly 
because of experimental limitations, such as weak transitions and low fluorescence 
yields in the near infrared. The present study, however, offers a way to overcome this 
problem by providing LIF data of high energetic transitions of 15N16O2 as a starting 
point for future LIDFS work. The LIF results provide accurate excitation frequencies 
below the dissociation limit [6.11] that are needed to record high resolution dispersed 
fluorescence spectra similar to the work on 14N16O2 [6.3]. LIDFS allows access deep 
into the potential well and is a powerful tool even though LIDFS spectra consist of 
only a few rotational lines when a supersonic jet is used. In this letter we provide 
accurate excitation frequencies for the 15N16O2 isotopologue at wavelengths between 
415 and 440 nm. So far more than 250 rotationally resolved vibrational bands of the 
A2B2–X2A1 electronic transition have been observed for this isotopologue in the 
14300 – 18000 cm–1 region applying LIF. A full rotational analysis has been possible 
for the majority of these bands [6.9]. The present work extends 15N16O2 spectroscopy 
into the 22700–24050 cm–1 region and provides the experimental frequencies and 
the corresponding rotational assignments to be used in a future laser induced 
dispersed fluorescence experiments. 
 
6.2. Experiment 
The experimental setup has been described in detail recently [6.8]. The third 
harmonic of a Nd:YAG laser is used to pump a tunable dye laser covering the 
appropriate frequency regime using Stilbene 3 dye with a typical bandwidth of about 
0.1 cm–1. The laser beam is focused onto an expanding beam of a mixture of 5 % 
15N16O2 and Ar. Small gas consumption is achieved by using a high intensity piezo 
electric pulsed molecular beam source that is optimized for a well–defined short 
pulse shape with an opening time of 150 µs. A photomultiplier tube, sensitive for 
310–860 nm, is used to monitor the fluorescence zone that is about 1.5 cm 
downstream from the nozzle orifice. Cut–off filters are used to shield the detector 
from residual laser light. Typically 10 laser shots are averaged for each data point. 
An absolute frequency calibration with accuracy better than 0.05 cm–1 is obtained by 
simultaneously recording the output of a wavemeter. As the setup has been designed 
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for fully automatic scanning over large frequency ranges an etalon signal with a free 
spectral range of 1.22 cm–1 is recorded to correct for non–linearity’s. 
 
6.3. Results and discussion 
In Fig. 6.1 an overview spectrum is shown of the 410–440 nm region using LIF 
spectroscopy.  
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Figure 6.1: Overview scan of the electronic spectrum of 15N16O2 in the 415–440 nm 
region recorded by LIF. The intensities are normalized on the absorption cross section 
(assuming a constant fluorescence detection efficiency). The general features (spectral 
density and intensity distribution) are similar to those observed for the main isotopologue. 
 
In total, about one hundred vibronic bands due to the A2B2–X2A1 electronic transition 
of 15N16O2 are recognized. The bands vary in intensity and in spectral appearance. 
The overall intensity profile of the raw data follows the dye efficiency curve. 
Therefore, the relative intensities in Fig. 6.1 have been normalized to reproduce, after 
smoothing, the absorption cross section, in a similar way as for the main 
isotopologue (14N16O2) [6.12] where it was shown that the ratio between smoothed 
LIF intensities and absorption cross sections yields a constant ratio. The majority of 
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the observed 15N16O2 bands are rotationally resolved. A zoomed spectrum is shown 
in Fig. 6.2 and clearly shows a rotational structure. The rotational labelling is 
indicated and is based upon combination differences, linking the line positions to well 
known ground state values. The small number of transitions is due to rotational 
cooling in the jet expansion, yielding a rotational temperature Trot of a few K. 
Particularly the R0 and R2 transitions are of relevance for LIDFS measurements as 
these are linked via selection rules to the J = 1/2, 3/2, and 5/2 levels in the electronic 
ground state. It should be noted that only every second level (and consequently 
every corresponding transition) is allowed in K=0 bands. Obviously, for each R0 line a 
corresponding P2 line exists that is red shifted by 2.52 cm–1 (~ 6B) and with an 
intensity equal within 30% of that found for the R0 transition. Similarly, for each R2 
transition a P4 line can be assigned, red shifted by 5.88 cm–1 (~ 14B) and with a 
much weaker intensity. These P–transitions are not listed in the Table 6.1. 
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Figure 6.2: Zoomed spectrum of band #2 (Table 6.1) around 22809 cm–1. The spectrum 
consists of low rotational transitions, R0–P2, R2–P4 of the K=0 sub–band and some weak 
lines that may be due to K=1. The assignment follows the use of combination differences. 
The band is one of the few more regular bands in this blue region. The band is relatively 
intense but the S/N ratio is limited by low laser power as the absorption frequency is 
close to the dye end of the dye enhancement curve. 
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Besides the rotational structure, some bands also show electronic spin splitting and, 
for strong vibronic transitions, not only K=0 but also K=1 transitions are observed. In 
Refs. [6.9,6.10] it has been shown how such bands have to treated spectroscopically 
and what difficulties may arise. However, the goal of the present work is not a 
systematic fit of individual bands, particularly as spectral irregularities are more a rule 
than an exception in this high energy range [6.11], but to provide accurate  
(< 0.05 cm–1) line positions as well as rotational assignments in order to select  
the strongest transitions for LIDFS measurements. The results are summarized in  
Table 6.1. 
The S/N ratio of the three stronger rotational transitions in Fig. 6.2 (P2, R0 and R2) is 
about 50. This band (#2 Table 6.1) is located near the edge of the Stilbene 3 dye 
curve. For this reason, the S/N ratio of this band is lower than most of the other 
observed vibronic bands. However, this band has a rather strong intrinsic intensity as 
indicated in the last column of Table 6.1. Most of the recorded bands are not as 
regular as the one shown in Fig. 6.2. Because of rovibronic interactions [6.13] with 
resulting spin splitting and extra–lines, it is possible that perturbed vibronic bands of 
significant intensity have not been recognized and are missing in Table 6.1. In 
addition, rovibronic perturbations are also reflected in the table where sometimes 
only the R0 or R2 transition is listed for a specific band. This means that the upper 
levels of the missing transitions are perturbed, resulting in weaker transitions that are 
below our arbitrary threshold of 5% of the strongest transition. In some cases the two 
spin components are resolved and the resulting line positions are given in the table. 
The absolute frequency accuracy is 0.05 cm–1 or better and mainly limited by the 
band width of the pulsed laser system in use. 
The 68 listed bands which do not involve any hot bands – these can be neglected in 
this high energy range – represent about 20% of the total number of 350 2B2 vibronic 
transitions expected in this range [6.1,6.2]. They convey about 80% of the total 
intensity as can be concluded from the table in which line intensities are given in % of  
the strongest observed line, the R2 transition of a band located at 23918.28 cm–1  
(# 61 Table 6.1). The distribution of these intensities is close to a Porter–Thomas 
distribution and also this compares well with previous observations for the main 
isotopologue 14N16O2 [6.1,6.2]. 
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Table 6.1: List of identified R0 and R2 transitions of 15N16O2 in the 415–440 nm region for 
68 different bands with observed S/N ratios better than typically 50. The number (#) is 
indicated in the first column. The absolute line positions (second column) are accurate up 
to 0.05 cm–1. The relative line intensities (last column) are given in % of the strongest line 
that corresponds to the R2 line at 23918.28 cm–1 (#61). 
No. ωc  
[cm–1] 
Transition Intensity 
[a.u.] 
1 22756.02 R(0) 16 
2 22809.95 R(0) 54 
 22812.08 R(2) 53 
3 22831.30 R(0) 24 
 22833.22 R(2) 32 
4 22839.42 R(0) 16 
 22840.87 R(2) 15 
 22841.26 R(2) 20 
5 22849.96 R(0) 25 
6 22855.21 R(0) 22 
7 22863.21 R(0) 23 
 22864.51 R(2) 27 
8 22871.24 R(0) 40 
 22872.66 R(2) 48 
9 22922.18 R(0) 50 
 22923.14 R(2) 50 
 22923.40 R(2) 40 
10 22925.25 R(0) 27 
 22926.62 R(2) 42 
 22927.38 R(2) 25 
11 22995.58 R(0) 10 
 22996.96 R(2) 14 
12 23058.69 R(0) 14 
 23058.88 R(0) 20 
13 23107.95 R(0) 40 
 23108.26 R(0) 70 
 23110.02 R(2) 61 
 23110.40 R(2) 52 
14 23139.04 R(0) 17 
15 23147.86 R(0) 8 
16 23163.55 R(0) 11 
17 23180.05 R(0) 35 
 23181.14 R(0) 26 
18 23186.23 R(2) 20 
19 23232.93 R(0) 18 
 23233.56 R(2) 13 
 
20 23258.11 R(0) 17 
 23259.65 R(2) 22 
 23261.49 R(0) 15 
21 23305.18 R(0) 18 
 23306.57 R(2) 8 
 23306.79 R(2) 10 
22 23322.74 R(0) 35 
 23324.30 R(2) 24 
23 23331.36 R(0) 25 
 23332.52 R(2) 12 
24 23338.42 R(0) 28 
 23339.54 R(0) 10 
 23339.87 R(0) 19 
25 23354.14 R(0) 22 
 23354.47 R(0) 41 
 23355.95 R(2) 29 
 23356.12 R(2) 20 
26 23364.92 R(0) 16 
 23367.32 R(2) 19 
27 23382.25 R(0) 29 
 23382.53 R(0) 8 
 23383.65 R(2) 20 
28 23397.30 R(0) 9 
 23398.19 R(2) 5 
29 23408.97 R(0) 8 
 23410.36 R(2) 5 
30 23415.27 R(0) 5 
31 23435.37 R(0) 8 
 23436.59 R(2) 7 
32 23443.00 R(0) 12 
 23444.49 R(2) 13 
33 23456.86 R(0) 20 
 23458.54 R(2) 7 
34 23468.81 R(0) 10 
 23469.11 R(0) 18 
 23470.00 R(2) 10 
 23470.26 R(2) 13 
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35 23486.66 R(0) 52 
 23487.69 R(0) 42 
 23489.02 R(2) 41 
36 23495.74 R(0) 26 
 23497.29 R(2) 18 
 23497.47 R(2) 10 
37 23528.93 R(0) 30 
 23530.96 R(2) 30 
38 23559.10 R(0) 26 
39 23590.28 R(0) 9 
 23590.56 R(0) 5 
 23593.20 R(2) 8 
40 23596.77 R(0) 12 
 23596.94 R(0) 13 
 23598.47 R(2) 7 
41 23609.03 R(0) 18 
 23610.17 R(2) 14 
42 23634.98 R(0) 26 
 23635.44 R(0) 19 
 23636.35 R(2) 10 
 23636.94 R(2) 18 
43 23662.46 R(0) 8 
 23662.76 R(0) 10 
 23662.95 R(0) 7 
 23663.12 R(2) 10 
 23663.64 R(2) 5 
 23664.41 R(2) 7 
44 23675.81 R(0) 25 
 23676.15 R(0) 23 
 23677.94 R(0) 17 
45 23703.08 R(0) 45 
 23705.03 R(2) 21 
46 23710.27 R(0) 40 
 23710.82 R(0) 39 
 23712.04 R(2) 23 
 23712.54 R(2) 17 
47 23719.01 R(0) 17 
 23719.70 R(2) 6 
 23720.04 R(2) 13 
48 23735.95 R(0) 8 
49 23747.45 R(0) 13 
 23747.89 R(0) 11 
 23748.16 R(0) 10 
 23749.56 R(2) 7 
 
50 23755.17 R(0) 9 
 23756.76 R(0) 11 
51 23764.95 R(0) 5 
 23766.46 R(2) 5 
52 23767.88 R(0) 8 
53 23779.16 R(0) 5 
 23780.88 R(2) 10 
54 23802.10 R(0) 10 
 23802.47 R(2) 18 
55 23821.72 R(0) 52 
 23822.52 R(0) 28 
 23823.04 R(0) 10 
 23823.34 R(2) 20 
56 23838.08 R(0) 10 
57 23846.55 R(0) 9 
 23847.33 R(2) 7 
 23848.54 R(2) 10 
58 23853.33 R(0) 7 
 23854.22 R(0) 5 
59 23860.18 R(0) 9 
 23861.58 R(2) 10 
60 23884.26 R(0) 20 
61 23917.20 R(0) 56 
 23917.95 R(0) 85 
 23918.28 R(2) 100 
62 23936.67 R(0) 12 
63 23943.56 R(0) 18 
64 23955.75 R(0) 9 
 23957.16 R(2) 8 
65 23973.88 R(0) 42 
 23976.16 R(2) 23 
66 24002.10 R(0) 5 
 24003.31 R(2) 3 
67 24025.66 R(0) 10 
 24026.69 R(2) 5 
68 24035.47 R(0) 12 
 24036.03 R(0) 8 
 24037.00 R(2) 9 
 24037.39 R(2) 8 
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Currently, there is much interest in understanding the electronic spectrum of NO2. In 
the case of the main 14N16O2 isotopologue LIDFS measurements have provided 
information on energy levels deep in the potential well and from these it has been 
possible to extend new models to increasingly higher energies [6.14]. The data set 
presented here makes it possible to start similar LIDFS work on the 15N16O2 
isotopologue. A direct comparison between the two systems will provide additional 
information; the vibrational and rotational spacings will differ, reflecting the minor 
differences in molecular masses, and intensities of similar bands may vary 
substantially because of large changes in the eigenstate mixing coefficients due to 
changes in the vibronic energies. An extension to LIDFS studies of other 
isotopologues is challenging, particularly the asymmetric isotopologues 18O14N16O  
and 18O15N16O as the two sets (A1 and B2) of vibronic levels merge into a single set of 
A’ symmetry (Cs group). 
 
6.4. Conclusions 
This work presents for the first time a systematic study of rotationally resolved bands 
of 15N16O2 in a high energy range (22700–24050 cm–1) close to the dissociation limit. 
A large number of accurate R0 and R2 line positions are now available to start LIDFS 
measurements with the aim to get access to low lying vibronic levels of 15N16O2 that 
are the eigenvalues of the same potential well as for 14N16O2. This approach is 
complementary with standard IR techniques that give direct access to the lowest 
vibrational levels [6.15]. 
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Samenvatting 
 
 
 
 
Vibronische spectroscopie van 
NO2 isotopologen 
 
Het NO2 molecuul heeft 12 verschillende isotopologen. Een isotopoloog is een 
molecuul dat verschilt in de isotopensamenstelling. Dat 14N16O2 verreweg de meest 
voorkomende isotopoloog van NO2 is, is een logisch gevolg van het  
natuurlijk voorkomen van de isotopen van N (14N: 99,63 % en 15N: 0,37 %) en  
O (16O: 99,759 %, 17O: 0,037 % en 18O: 0,204 %). In dit proefschrift wordt vanuit 
spectroscopisch oogpunt naast 14N16O2 naar nog drie van de minder voorkomende 
isotopologen van NO2 gekeken, 15N16O2, 14N18O2 en 18O14N16O. De isotopologen zijn 
elektronisch gelijk, doch door de verschillende massa’s verschillen de vibrationele en 
rotationele eigenschappen. Voor alle isotopologen geldt dat de elektronische 
grondtoestand, X 2A1, is gekoppeld met de eerste elektronisch aangeslagen 
toestand, A 2B2. Dit gebeurt via de antisymmetrische strekvibratie, die een symmetrie 
heeft die deze koppeling mogelijk maakt. De koppeling van de elektronische 
toestanden via de vibrationele toestanden, levert vibronische toestanden op; 
vibrationele niveaus die niet meer toegeschreven kunnen worden aan één van beide 
elektronische toestanden. Deze koppeling zorgt in combinatie met een energetisch 
laaggelegen conische intersectie tussen beide toestanden voor een zeer sterke 
verstoring in de regelmaat van de spectra van het molecuul. Boven een energie van 
16500 cm–1 worden de spectra zelfs als vibronisch chaotisch omschreven. Voor de 
14N16O2 isotopoloog is een groot deel van de spectroscopische informatie bekend. 
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Onderzoek aan andere isotopologen kan meer inzicht verschaffen over de aard van 
de koppeling, vooral de 18O14N16O isotopoloog is interessant, omdat hier de 
massasymmetrie in het molecuul verdwenen is. Informatie over de theoretische 
achtergrond staat beschreven in de eerste twee hoofdstukken van dit proefschrift. In 
hoofdstuk 1 wordt een uitgebreid literatuuroverzicht over NO2 gegeven en hoofdstuk 
2 geeft een theoretische beschrijving die van belang is om NO2 spectra te 
interpreteren. 
 
Als gevolg van de zeer kleine hoeveelheden waarin de isotopen van de elementen 
stikstof en zuurstof op aarde worden aangetroffen, zijn de kosten voor 
isotoopverrijkte stoffen zeer hoog. Om onderzoek aan de isotopologen van NO2 
mogelijk te maken is een nieuwe opstelling gebouwd. Een speciale piezo–elektrische 
klep zorgt voor een uitzonderlijk laag gasverbruik en de geoptimaliseerde detectie–
geometrie levert samen met de tijdsgeschakelde fluorescentie detector een hoge 
detectie–efficiency. De combinatie van het lage gasverbruik en de hoge detectie–
efficiency maken deze opstelling bijzonder geschikt voor het onderzoeken van 
kostbare gassen in het algemeen. Een uitgebreide beschrijving van de gehele 
opstelling is te vinden in hoofdstuk 3. In de opstelling worden de moleculen in 
vacuüm geëxpandeerd, met als gevolg dat een sterk gekoelde moleculaire bundel 
ontstaat. De moleculen worden geëxciteerd met licht van een door een Nd:YAG laser 
gepompte dye laser, waarna de fluorescentie gemeten wordt met een 
photomultiplier. Deze techniek is bekend als laser geïnduceerde fluorescentie (LIF). 
 
Hoofdstuk 4 beschrijft de studie van 15N16O2 van in het energiegebied van 14300 – 
18000 cm–1, waar meer dan 250 vibrationele banden gevonden zijn. Het merendeel 
van de banden is rotationeel toegekend en band oorsprong, rotationele constanten 
en spinconstanten zijn bepaald. Van dit aantal starten 177 banden vanuit de 
vibrationele grondtoestand (“cold bands”). Voor circa 50 banden zijn naast de K=0 
overgangen, ook de K=1 overgangen zichtbaar aanwezig en voor 20 banden is het 
mogelijk ook de K=1 overgangen daadwerkelijk toe te kennen en mee te nemen in de 
fit. Daardoor zijn de rotationele en spinconstanten van deze banden met een hogere 
nauwkeurigheid bepaald. Tot slot zijn er nog 40 banden die rotationeel verstoord 
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lijken te zijn, waardoor een rotationele toekenning geheel of gedeeltelijk onmogelijk 
is. Uit een statistische analyse (“Next Neighbour Distribution”) blijkt dat in het gebied 
van 14825 – 17250 cm–1 68 % van de aanwezige vibrationele niveaus is gemeten. 
Als gevolg van de lagere overgangsintensiteit bij lagere excitatie–energieën is dit 
percentage tussen 14300 en 14825 cm–1 lager (namelijk 44 %). Aangezien voor 
vibrationele banden tussen 17250 en 18000 cm–1 onbekend is of excitatie vanuit de 
vibrationele grondtoestand plaatsvindt, is het voor dit bereik niet mogelijk verder 
conclusies te trekken. Uit de metingen en de analyse blijkt verder dat de statistische 
eigenschappen en de polyadestructuur van 15N16O2 gelijk zijn aan die van 14N16O2. 
Als echter gekeken wordt naar de interne structuur van de polyades dan zijn de 
verschillen t.g.v. de X 2A1 – A 2B2 vibronische menging duidelijk waarneembaar. Een 
goed voorbeeld van de verschillen in de interne polyadestructuur is de vibrationele 
band voor 15N16O2 met een oorsprong rond 14851 cm–1. Deze band, gelegen in 
polyade nummer 7, heeft een uitzonderlijke grote intensiteit t.o.v. alle andere banden 
in zijn directe omgeving. Bij 14N16O2 bestaat polyade 7 echter uit meerdere banden, 
waarvan de intensiteiten redelijk met elkaar in verhouding staan. De grote intensiteit 
van de band voor 15N16O2 biedt mogelijkheden voor het detecteren van de 15N16O2 
isotopoloog in de atmosfeer. 
 
De scope van het onderzoek wordt in hoofdstuk 5 verlegd naar een andere 
isotopoloog, namelijk 18O14N16O, om inzicht te krijgen in de gevolgen van een 
symmetriereductie in het molecuul. Het is echter onmogelijk om zuiver 18O14N16O te 
verkrijgen, want door uitwisselingsreacties ontstaan kort na de synthese van 
18O14N16O ook 14N16O2 en 14N18O2. De metingen resulteren in spectra waarin de 
banden van genoemde isotopologen te zien zijn. De banden zijn goed te 
onderscheiden met behulp van het verschil in rotationele progressies, hetgeen het 
verschil in traagheidsmoment reflecteert. Daarnaast zijn de massasymmetrische 
isotopologen (14N16O2 en 14N18O2) makkelijk te onderscheiden van de massa–
asymmetrische isotopoloog (18O14N16O) op basis van puur spectroscopische 
overwegingen (spin statistiek). Voor 14N16O2 en 14N18O2 zijn alleen overgangen 
zichtbaar die starten op de even rotationele N–niveaus, terwijl voor 18O14N16O, door 
de reductie van symmetrie, overgangen die starten op zowel de even als oneven 
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rotationele N–niveaus zichtbaar zijn. Voor 14N16O2 zijn 80 niveaus gevonden, 
waarvan één niet eerder in de literatuur is beschreven. Voor 18O14N18O zijn  
29 banden waargenomen waarvan 26 uit de vibrationele grondtoestand. De 
18O14N16O banden die gemeten zijn (61 in totaal) laten zien dat reductie van 
symmetrie ook de vibrationele niveaudichtheid met een factor 2 laat toenemen. De 
tien niveaus die worden toegeschreven aan de excitatie vanuit (υ1, υ2, υ3) = (0,1,0) 
maken het ook mogelijk om voor het eerst een experimentele waarde te geven voor 
de ligging van dit niveau. Voor de bending vibratie is een waarde van 736,36 cm–1 
gevonden. 
 
In het laatste hoofdstuk, hoofdstuk 6, wordt het werk beschreven waarbij 15N16O2 
wordt geëxciteerd tot vlak onder de dissociatielimiet, rond 400 nm. Excitatie naar de 
energetische regio van 22700 – 24050 cm–1 levert spectra op die zeer moeilijk toe te 
kennen zijn. De spectra geven echter wel een zeer goed beeld van de mogelijke 
excitatie–frequenties zoals die nodig zijn voor laser geïnduceerde gedispergeerde 
fluorecentie spectroscopie (LIDFS) als uitgangspunt. Bij deze vorm van 
spectroscopie wordt gekeken naar het verschil tussen excitatie en fluorescentie 
energie, zodat de energie van het niveau, waar het molecuul naar fluoresceert, 
bepaald kan worden. Met de genoemde overgangen kan via LIDFS spectroscopische 
informatie vergaard worden over de lagere vibrationele niveaus (onder de  
13000 cm–1) in de X 2A1 toestand van 15N16O2. Zoals uit de voorgaande hoofdstukken 
duidelijk is geworden is deze informatie met LIF veel moeilijker te verkrijgen. 
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copromotor Harold Linnartz. Harold, je was een zeer belangrijke steun bij het 
afronden van mijn promotie. Je doelgerichtheid en vasthoudendheid hebben er mede 
voor gezorgd dat dit proefschrift nu klaar is. Bedankt voor al je inzet en tijd, vooral 
ook nadat je de VU weer had verlaten. In één adem met promotor en copromotor wil 
ik ook Jaap Bulthuis noemen. Jaap, je bijdrage aan het onderzoek, je parate kennis 
over de theoretische achtergronden en je luisterend oor heb ik altijd ontzettend 
gewaardeerd, alsmede natuurlijk het fitprogramma en de snelheid waarmee je het 
onderhoud verrichtte als ik plotseling weer aan de bel trok. 
 
I would like to thank prof.dr. Rémy Jost for his help in the assignment of strongly 
disturbed vibronic bands, for his valuable experimental and theoretical contributions 
during his visits to Amsterdam, for lending us his germanium detector and last but not 
least for giving me the opportunity to visit his lab in Grenoble to do some LIDFS 
experiments. 
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Mensen van de instrumentmakerij en de elektronica werkplaats zorgden er bij grotere 
technische problemen altijd voor dat ik snel weer verder kon. In het bijzonder wil ik 
Rob Kortekaas noemen die met veel liefde en kwaliteit de LIF opstelling heeft 
gemaakt. Als er een keuze was tussen een oplossing die voor 99,99 % voldeed en 
een oplossing voor 100 %, ging jij altijd voor de 100 % en het resultaat was er dan 
ook naar. Peter Wiersma, bedankt voor het maken van de gating voor de PMT. We 
kwamen met een paar ideeën bij je langs, en jij hebt een prima systeem ontworpen 
en gebouwd, waarmee we fantastische metingen hebben kunnen doen. 
 
Belangrijk was ook onze buurman Jacques Bouma, de technicus van Atoomfysica. 
Vaak heb ik je weten te vinden voor advies of onderdelen, als die op onze afdeling 
weer niet te vinden waren. 
 
Een onmisbaar onderdeel van mijn leven zijn de mensen met wie ik mijn werkdag 
deel: ik wil de collega’s en studenten bij Fysische Chemie, die het dagelijkse leven in 
lab en koffiekamer opfleurden, bedanken. De stagiairs Arno (Sjors) en Marijke, 
bedankt voor jullie wetenschappelijke en sociale bijdrage. Ik kijk met veel plezier 
terug op onze samenwerking. Mijn steun en toeverlaat bij Fysische Chemie was 
Anouk (bijna gelijk begonnen…), deelgenoot in de positieve en negatieve emoties op 
de VU. Hoewel het contact niet meer dagelijks is, is het niet minder waardevol. Ik ben 
daarom ontzettend blij dat je bij de finale nogmaals mijn steun en toeverlaat wilt zijn. 
 
Hugo, samen met TN7up betraden we in 1992 de academische wereld. Dat was de 
start van een bijzondere vriendschap. Je bent in de tussentijd van een broer mijn 
zwager geworden en ik ben blij dat je, na een onverwachts nachtelijk familiebezoek, 
bij deze gebeurtenis mijn paranimf wilt zijn. 
 
Alles wat ik bereikt heb, zou onmogelijk zijn geweest zonder mijn ouders. Lieve pap 
en mam, ik wil jullie heel erg bedanken voor alles wat jullie voor mij hebben betekend 
en nog steeds betekenen. Het is fijn jullie steun en vertrouwen te ervaren, zelfs bij 
beslissingen die misschien niet die van jullie zouden zijn. Gelukkig heb ik na deze 
lange zwerftocht toch mijn thuis gevonden. 
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Mijn promotie–onderzoek is niet vlekkeloos verlopen en aangezien mijn promotie–
onderzoek en mijn humeur de afgelopen jaren veelvuldig hand in hand zijn gegaan, 
was dat humeur dus ook niet vrij van schommelingen. Eén persoon in het bijzonder 
heb ik de afgelopen jaren veelvuldig belast met de last op mijn schouders. Lieve Lyn, 
tijdens mijn promotie ben je voor mij een onmisbare steun geweest. Je was er altijd 
om mij op te peppen, over een dood punt heen te helpen of om kritische vragen te 
stellen over onderzoek, toekomst of mijzelf. Je was er altijd, zelfs als ik dat niet wilde 
(zien). Als ik terugkijk lijkt het wel of we zijn ingehaald door de woorden van Rowwen 
Hèze die klonken op onze bruiloft. We hebben inmiddels onze eerste stappen gezet 
in onze langverwachte toekomst en ik hoop dat we snel verder kunnen met het 
vervullen van de wensen die we nog hebben. Steeds meer samen, met Rowwen 
Hèze in gedachten. 
 
 
Erik 
Lelystad, 6 mei 2007 
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